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1Prostate cancer

Diagnosis and grading

Each year, more than 1.4 million men are diagnosed with prostate cancer. This makes 

prostate cancer the second most common cancer in men and, with 375,000 deaths 

annually, also one of the most common causes of cancer-related death1. At present, 

prostate cancer diagnosis is primarily based on histological assessment of tissue 

biopsies and determination of serum levels of prostate-specific antigen (PSA), but 

advanced imaging techniques, such as magnetic resonance imaging (MRI), are also 

being used to enhance diagnostic performance2. If prostate cancer is detected on 

biopsy, a so-called Gleason score is determined, which helps predict the prognosis of 

these patients3. The Gleason score is a histological assessment, which describes the 

differentiation status of the two most predominant cellular growth patterns in a biopsy, 

and for prostate cancer ranges from low-grade (International Society for Urological 

Pathology grade group 1, GG1 = Gleason ≤ 6) to intermediate-grade (GG2-3 = Gleason 7) 

to high-grade (GG4-5 = Gleason 8-10). 

Figure 1: Natural history of prostate cancer and available therapeutic options. Most patients present 

with localized prostate cancer, which is treated with either active surveillance (low-grade tumors 

only), radical prostatectomy (surgery), or radiation therapy with curative intent. Approximately 30% 

of patients experience a biochemical relapse characterized by an increase in serum PSA levels, after 

which they are treated with chemical castration (ADT). Despite initial efficacy, tumors evolve into 

lethal castration-resistant disease that is treated with antiandrogens, chemotherapy, alpha-particle 

therapy, or immunotherapy. As a result of sustained AR-directed interventions, approximately 30% 

of castration-resistant tumors lose AR expression and evolve into very aggressive neuroendocrine 

(NE+/AR-) or double-negative (NE-/AR-) cancers for which platinum-based chemotherapeutic agents 

are the only therapeutic option.
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Natural history and treatment options

Most patients present with organ-confined, localized disease whose risk of metastasis 

is assessed by Gleason score, serum PSA level, and tumor stage. Depending on the 

associated risk, patients can either be monitored without intervention through active 

surveillance (mostly low-grade GG1) or can potentially be cured through locoregional 

therapies, such as radical prostatectomy (surgical removal of the prostate) or 

radiotherapy4 (Fig. 1). However, approximately 30% of these patients will experience 

a biochemical recurrence – a rise in serum PSA levels – which indicates prostate cancer 

relapse (Fig. 1). At this stage, patients can be treated with androgen deprivation 

therapy (ADT) which is the mainstay therapy ever since the direct critical connection 

between male sex hormones (androgens) and prostate cancer progression has 

first been described by Huggins and Hodges in 19415. ADT aims at suppressing the 

biosynthesis of androgens in the testis in order to inactivate the androgen receptor (AR) 

– the key driver of prostate cancer development and progression6. Although initially 

very effective, resistance to ADT inevitably develops, and the disease progresses to 

metastatic castration-resistant prostate cancer (mCRPC) for which there is no cure 

(Fig. 1). Most mCRPC tumors acquire molecular features that allow them to activate 

AR signaling and proliferate even in an environment with very low circulating androgen 

levels7,8. Therefore, several highly effective AR-targeting antiandrogens (enzalutamide, 

abiraterone darolutamide, apalutamide) have been developed, which are widely used 

for the clinical management of mCRPC, but there are also non-AR-targeting therapies 

available, including chemotherapy (docetaxel, cabazitaxel), alpha-particle therapy 

(radium-223), immunotherapy (Sipuleucel-T), or combinations thereof – all of which 

are elaborately discussed in Chapter 29. However, due to inter-patient heterogeneity, 

treatment responses to these lines of therapy vary between patients, and de novo 

or acquired resistance represent major medical challenges10,11. In addition to genetic 

alterations, lineage plasticity by epigenetic rewiring is a reported mechanism of 

resistance12, leading to AR-independent forms of prostate cancer that develop as an 

adaptive response under the pressure of prolonged AR-targeted therapies (Fig. 1). 

Approximately 30% of mCRPC tumors escape their epithelial lineage confinement13 and 

enter a highly plastic state, ultimately trans-differentiating into either neuroendocrine 

prostate cancer (NEPC; NE+/AR-) or double-negative prostate cancer (NE-/AR-). Although 

AR expression is eventually lost in these tumors, AR reprogramming and transcriptional 

rerouting in response to AR-targeted intervention – in combination with reprogramming 

of epigenetic regulators – have been found to play an important role in the transition 

to more lineage-plastic phenotypes14-16. Despite progress in the identification of 

molecular mechanisms underlying NEPC, such as genomic alterations17-20, deregulation 

of epigenetic regulators21-23, transcription factors19,24-27, and other molecular signaling 

pathways28, the survival rate of patients with NEPC remains very low, and the only 
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1available therapeutic option is platinum-based chemotherapy29. This indicates that 

new therapeutic targets are urgently needed, not only for NEPC but for almost all 

prostate cancer stages, and the identification of targetable drivers that would prevent 

the transition to treatment-resistant disease after castration would be very attractive.

Androgen receptor

Androgen receptor signaling axis in prostate cancer

The androgen receptor (AR) is a nuclear receptor of the steroid hormone receptor 

subfamily that resides in the absence of ligands in the cytoplasm (Fig. 2), where it 

is stabilized by molecular chaperones such as heat-shock protein 90 (HSP90) and 

maintained in an inactive but high-affinity hormone-binding state30,31. Upon binding of 

androgens (Fig. 2), like testosterone or its more potent metabolite dihydrotestosterone 

(DHT), AR undergoes a series of conformational changes, leading to its dissociation from 

heat shock proteins and activation32,33. The activated receptor then homodimerizes and 

translocates to the nucleus (Fig. 2), where it binds to thousands of sites throughout the 

human genome at specific AR-response elements (AREs), which are primarily located 

in intronic or distal intergenic cis-regulatory elements – also known as enhancers34,35. 

AR binds to these elements with the help of pioneer factors such as FOXA1 and HOXB13, 

and recruits nuclear receptor cofactors (NRCs), like coactivators or corepressors36,37. 

Through long-range chromatin interactions in three-dimensional genomic space38, 

these coregulators can control the expression of directly responsive target genes 

involved in various cellular processes, such as proliferation, survival, and stress response 

pathways like the unfolded protein response (UPR).

Androgen receptor cofactor repertoire

As shown in Figure 2, AR does not operate in isolation, but rather recruits a large 

spectrum of other transcription factors and NRCs. While some of these factors are 

critical for AR chromatin interactions others boost AR’s transcriptional output. FOXA1 

and HOXB13 are pioneer factors capable of remodeling compacted chromatin in part 

through recruiting histone acetyltransferases and other chromatin remodelers to 

render their target loci accessible to transcription factors such as AR39-42. FOXA1 is 

among the most-frequently mutated genes in prostate cancer17,43,44, which was reported 

to not only alter its pioneering function, but also perturb epithelial differentiation 

programs, and promote tumor progression45,46. HOXB13 on the other hand, is not a 

frequent target of somatic mutations in prostate cancer, but a germline variant (G84E) 

has been identified, which is associated with a significantly increased risk of hereditary 

prostate cancer47. In addition to pioneer factors, AR also interacts with a plethora of 
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other proteins involved in various molecular processes48, such as chromatin remodeling 

(SWI/SNF), transcriptional repression, and cell cycle, most of which are essential for 

AR-driven prostate cancer cell proliferation , and thus represent promising therapeutic 

targets49. 

Figure 2: The androgen receptor signaling axis in prostate cancer. Upon dihydrotestosterone (DHT) 

binding, the AR dissociates from heat-shock protein 90 (HSP90), dimerizes and translocates to the 

nucleus, where it binds to AR-response elements (ARE) with the help of pioneer factors, such as 

FOXA1 and HOXB13, and recruits nuclear receptor coregulators (NRCs), coactivators or corepressors, 

to regulate transcription of directly responsive genes involved diverse biological processes, such as 

cell proliferation and stress-response. Also highlighted is the AR target gene prostate-specific antigen 

(PSA), a well-known biomarker for prostate cancer progression and treatment response.

Androgen receptor cistrome

The cistrome refers to the genome-wide landscape of transcription factor binding sites 

or histone modifications, which basically maps all genomic locations of cis-acting targets 

(cis-regulatory elements such as enhancers or promoters) of trans-acting factors (such 

as transcription factors). AR cistromic regulation is tightly regulated in a cell/tissue 

type- and context-dependent manner, leading to the expression of distinct AR-driven 

transcriptional programs implicated in many different biological processes35. In normal 

prostate epithelial cells (Fig. 3A), AR primarily binds to genomic regions containing 

canonical AR binding motifs to regulate genes that induce terminal differentiation and 

suppress growth50. However, in prostate cancer (Fig. 3B), the AR pathway stimulates 

cell proliferation and survival, which is based on massive cistromic reprogramming 

of AR during tumorigenesis. This cistromic plasticity away from normal AR binding 

sites (N-ARBS) toward primary tumor-specific AR binding sites (T-ARBS) is in part 

facilitated through overexpression of AR pioneer factors FOXA1 and HOXB13, which can 
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1reprogram AR binding to genomic regions enriched for forkhead and homeodomain 

motifs51. During metastatic progression, the AR binding landscape changes once more 

(Fig. 3C). In contrast to T-ARBS, reprogrammed AR sites in metastatic disease (Met-

ARBS) are not created de novo, but rather prepopulated by FOXA1 and HOXB13 during 

prostate organogenesis and now commissioned by AR during metastatic outgrowth, 

demonstrating how metastatic prostate cancer can reactivate developmental 

epigenomic programs52.

Figure 3: Androgen receptor cistromic reprogramming. (A) AR binding sites enriched in normal 

prostate epithelium (N-ARBS) contain canonical AR binding motifs and regulate genes that induce 

terminal differentiation and suppress growth. (B) Overexpression of AR pioneer factors FOXA1 and 

HOXB13 during tumorigenesis, reprograms the AR cistrome toward primary tumor-specific AR 

binding sites (T-ARBS), which, in contrast to N-ARBS, stimulate both cell proliferation as well as cell 

survival, for example by activating stress-response pathways. (C) During metastatic progression 

AR occupies metastasis-specific AR binding sites (Met-ARBS) that are prepopulated by FOXA1 and 

HOXB13 during prostate organogenesis to reactivate developmental epigenomic programs.

Transcription factor charting through 
integrative multi-omics

The human body is composed of several trillion cells53, all carrying identical genomic 

information that encodes ~25,000 different protein-coding genes54; yet it is made up 

of a variety of different cell types and lineages with diverse biological functions. This 

highlights the importance of transcription factors and epigenetic modifiers in assigning 
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distinct cell identities that lead to organ development and function by temporally 

dictating and regulating tissue- and context-dependent gene expression programs, 

Transcription factors (such as AR) can achieve this by binding to regulatory elements 

located primarily in the non-coding genome, which makes up 98% of the DNA in the 

mammalian nucleus (only 2% of all human DNA is protein-coding), and thus mediating 

long-range interactions between such enhancer elements and the promoter regions of 

their respective target genes55. Therefore, genome-wide transcription factor profiling 

through chromatin immunoprecipitation followed by massive parallel sequencing 

(ChIP-seq) is widely used to identify the precise genomic locations where transcription 

factors bind the DNA56 (Fig. 4A). Although very informative, chromatin interaction of 

transcription factors alone fails to describe how the activity of cis-regulatory elements 

is modulated upon binding and how this affects gene regulation. Consequently, 

integrating ChIP-seq datastreams with one or more additional omics approaches 

helps to shed light on the mechanism behind differential chromatin occupancy and its 

downstream effects. Integration of transcription factor ChIP-seq data with epigenomic 

profiles of histone modifications – which can be either active (such as H3K27ac, 

H3K4me
3
) or repressive (such as H3K27me

3
) – allows investigation of possible effects 

of transcription factor binding on the epigenetic environment and chromatin state of 

regulatory element and provides clues to enhancer activity57,58 (Fig. 4B). In addition, 

massive parallel reporter assays for enhancer activity (such as self-transcribing active 

regulatory region sequencing59, STARR-seq) enable to functionally assess the ability 

of certain DNA sequences to enhance transcriptional output (Fig. 4C). AR STARR-seq 

experiments in androgen-stimulated prostate cancer cells, for instance, have shown 

that the vast majority of AR binding sites are not inducible by androgens but rather 

are constitutively inactive, and thus have increased our understanding of why there 

are 10-100 times more AR binding sites throughout the genome than differentially 

expressed genes60. Furthermore, combining cistromic data with copy-number variation 

sequencing (CNV-seq) helps to untangle whether differential binding events are due 

to transcription factor reprogramming or rather based on copy-number alterations 

(Fig. 4D). This is particularly useful when analyzing samples that have been treated for 

an extended period of time, which may have resulted in drug-induced clonal expansion. 

Most importantly, ChIP-seq experiments are usually integrated with gene expression 

(RNA-seq) data to study how transcription factor binding to regulatory elements 

influences the expression of downstream responsive genes (Fig. 4E). Therefore, distal 

binding sites need to be coupled to their respective target genes, which was historically 

done using a genomic window of 20-50  kb61,62. This simple approach is, however, 

not necessarily well-suited for enhancer-binding transcription factors, since most 

enhancer-promoter interactions go far beyond a linear distance of 20-50 kb, as has 

been shown for a developmental enhancer of the AR gene (650 kb) in prostate cancer 
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1cells35,63. Recent advances in chromosome conformation detection methods, such as 

Hi-C or HiChIP, allow more robust and precise identification of enhancer-promoter 

pairs without restriction to a maximum linear distance64. Finally, by combining ChIP-seq 

experiments with orthogonal proteomic methods such as rapid immunoprecipitation 

mass spectrometry of endogenous proteins (RIME), context-dependent changes in 

the composition of the transcriptional complex can be identified (Fig. 4F), allowing 

simultaneous profiling of the cistrome and interactome of a given transcription 

factor, and thus identification of crucial coregulators which may serve as therapeutic 

targets48,65.

Figure 4: Integrative multi-omic profiling of transcription factors. Integrating transcription factor 

chromatin immunoprecipitation sequencing (ChIP-seq) experiments (A) with epigenomic profiling (B) 

by histone mark ChIP-seq, enhancer activity profiling (C) by massive parallel reporter assays, copy-

number profiling (D) by copy-number sequencing (CNV-seq), transcriptomic profiling (E) by RNA-seq, 

and/or proteomic profiling (F) by rapid immunoprecipitation mass spectrometry of endogenous 

proteins (RIME), allows for much more insightful characterizations of the gene regulatory potential 

of a transcription factor and its downstream effects on enhancer activity, chromatin state, and target 

gene expression.
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Thesis outline

The scope of this thesis is to improve our current understanding of hormonal signaling in 

prostate cancer, and to gain more insights into the cellular adaptation mechanisms that 

lead to acquired hormone therapy resistance using integrative multi-omics approaches. 

In Chapter 2, the clinical history of enzalutamide – one of the most frequently used 

AR-targeting agents – is reviewed, providing a concise overview of its preclinical 

development, use and efficacy in the treatment of advanced prostate cancer. 

Furthermore, we describe translational research on biomarkers of enzalutamide 

response, highlight potential new combination therapies, and conclude with the clear 

need for biomarkers for optimal treatment sequencing and new therapeutic targets in 

the enzalutamide-resistant setting.

Understanding how prostate cancers adapt to AR-targeted interventions is critical 

for identifying novel drug targets to improve the clinical management of treatment-

resistant disease. Therefore, in Chapter 3, we performed integrative multi-

omics analyses on tissues isolated before and after three months of AR-targeted 

enzalutamide monotherapy from patients with high-risk prostate cancer enrolled in a 

neoadjuvant clinical trial. These analyses included tissue ChIP-seq for our drug target 

AR, pioneer factor FOXA1, and the active histone modification H3K27ac, which we 

subsequently integrated with CNV-seq, STARR-seq, RNA-seq, and tissue microarray 

immunohistochemistry data generated from the same tumor specimens. This 

revealed an enzalutamide-induced epigenomic plasticity toward prosurvival signaling 

and uncovered the circadian regulator ARNTL as an acquired vulnerability after AR 

inhibition, presenting a novel lead for therapeutic development.

In Chapter 4, we set out to characterize the AR chromatin binding landscape and 

associated transcriptional programs in a specific subset of low-risk grade group 1 

(GG1) prostate cancer with a pathological Gleason score 6 to answer the long-standing 

question in the field of whether these lesions are truly cancerous or rather benign, 

given their overall negligible risk to metastasize. We show that the gene regulatory 

potential of AR in low-grade GG1 lesions is very similar to higher-grade tumors and 

distinctly different from normal prostate epithelium, which positions these lesions as 

bona fide cancers from an epigenetic perspective.

Previously, we identified a prognostic 9-gene classifier, which can stratify prostate 

cancer patients on outcome62. In Chapter 5, we further characterized the prognostic 

value and biological function of one of these 9 genes: XBP1; a key player in the unfolded 
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1protein response (UPR) pathway. In primary prostate cancer, low expression of XBP1 

was consistently associated with biochemical recurrence in five independent cohorts. 

Through integrative cistromic and transcriptomic analyses, we could demonstrate that 

AR activation triggers UPR signaling through the ERN1/XBP1 axis leading to elevated 

XBP1 transcriptional activity, which not only results in expression of UPR genes but also 

functionally drives part of the AR transcriptional program.

Finally, Chapter 6 provides a general discussion of the work presented in this thesis, 

with a clear focus on how well-designed multi-omics studies can help address the 

dilemma of drug resistance in prostate cancer and what outstanding questions remain 

to be addressed.
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Abstract

The androgen receptor drives the growth of metastatic castration-resistant prostate 

cancer. This has led to the development of multiple novel drugs targeting this hormone- 

regulated transcription factor, such as enzalutamide – a potent androgen receptor 

antagonist. Despite the plethora of possible treatment options, the absolute survival 

benefit of each treatment separately is limited to a few months. Therefore, current 

research efforts are directed to determine the optimal sequence of therapies, discover 

novel drugs effective in metastatic castration-resistant prostate cancer and define 

patient subpopulations that ultimately benefit from these treatments. Molecular studies 

provide evidence on which pathways mediate treatment resistance and may lead to 

improved treatment for metastatic castration-resistant prostate cancer. This review 

provides, firstly a concise overview of the clinical development, use and effectiveness 

of enzalutamide in the treatment of advanced prostate cancer, secondly it describes 

translational research addressing enzalutamide response vs resistance and lastly 

highlights novel potential treatment strategies in the enzalutamide-resistant setting.
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Introduction

Ever since the discovery that prostate cancer (PCa) growth after androgen deprivation 

therapy (ADT) remains dependent on androgen receptor (AR) signaling, researchers 

have been looking for new effective ways to block the action of this hormone-dependent 

transcription factor1-3. Upon stimulation with androgens, the AR dissociates from its 

molecular chaperones and translocates to the nucleus, where it binds to thousands of 

sites throughout the human genome to regulate transcription of directly responsive 

genes, including pro-mitotic genes involved in tumor cell proliferation4-6 (Fig. 1A). 

Inhibiting androgen signaling through ADT initially results in tumor regression in the 

vast majority of cases, but inevitably the tumor cells adapt to low androgen levels, 

leading to disease progression which is known as castration-resistance7-9. Potent 

antiandrogens, that either target the AR directly through physical competition with 

the receptor’s natural ligand dihydrotestosterone (DHT) or indirectly via inhibition of 

androgen biosynthesis, are among the treatment options for metastatic castration-

resistant prostate cancer (mCRPC)10. At the moment, enzalutamide (MDV-3100) is the 

most-frequently prescribed compound for treatment of mCRPC 11. This drug belongs 

to the class of direct androgen receptor inhibitors and tackles the AR pathway at 

multiple nodes: by preventing ligand binding, by blocking AR nuclear translocation and 

by inhibiting DNA transactivation; ultimately abrogating the expression of androgen-

responsive genes1,12 (Fig. 1B). The multiple stage actions of enzalutamide on AR 

signaling are considered the main reason for its superior clinical activity over other 

direct AR inhibitors, such as flutamide, bicalutamide and nilutamide13. However, due to 

inter-patient heterogeneity of PCa, which is widely recognized as a major drawback 

for therapy efficacy, treatment responses to enzalutamide vary between patients14. 

Whereas some patients do not have a substantial clinical benefit from enzalutamide 

therapy, others who do benefit, start progressing after a certain period of time, which 

is also dependent on therapy sequencing2,15,16.

This review, of which the content is illustrated in Figure 2, will firstly provide a 

comprehensive insight into the use of enzalutamide in the treatment of advanced 

PCa  – spanning from treatment options in the pre-enzalutamide era (1) to its 

preclinical development and the landmark studies that led to its FDA approval for 

mCRPC (2). Thereupon, we discuss translational research directed at tackling unmet 

clinical needs in the treatment of advanced PCa using enzalutamide. This includes 

having on-treatment and predictive biomarkers for treatment response (3); a better 

understanding of molecular mechanisms underlying enzalutamide resistance (4); and 

lastly the development of novel therapeutic approaches aimed to overcome therapy 

resistance (5).
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Figure 1: AR signaling axis and mechanism of action of enzalutamide. (A) Upon dihydrotestosterone 

(DHT) binding, the AR dimerizes and translocates to the nucleus, where it binds to AR-response 

elements (ARE) and recruits nuclear receptor coregulators (NRC), so called coactivators or 

corepressors, to regulate transcription of directly responsive genes involved in cell proliferation 

and survival. (B) Enzalutamide (ENZ) binding to the ligand-binding pocket of the AR results in a 

conformational change, rendering the receptor incapable of forming an active transcriptional 

complex. Further, enzalutamide blocks AR nuclear translocation and the enzalutamide-bound AR is 

impaired in its DNA-binding ability, ultimately preventing AR-dependent gene expression.
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The pre-enzalutamide era

Androgen deprivation therapy

ADT has been the standard of care for patients with symptomatic metastatic PCa since 

the forties of the last century17. However, despite initial response to ADT, eventually 

resistance emerges in practically every patient which is mediated by AR-dependent 

or -independent pathways18,19. Initially, two retrospective studies have shown a limited 

survival benefit of continued androgen suppression with luteinizing hormone-releasing 

hormone (LHRH) analogues in the mCRPC setting20,21. Based on these findings, all 

mCRPC patients enrolled in the trials discussed further below continue androgen 

suppression therapy. Although data is limited, the benefits of continuing androgen 

deprivation outweighed the potential risks of discontinuing the therapy.

Chemotherapy

In 2004, the TAX-327 trial initiated a transition in systemic mCRPC treatment22. In this 

phase III study, 1006 patients with mCRPC were randomized to receive prednisone 

either in combination with mitoxantrone (a chemotherapy that provides palliation, 

but does not lead to an improvement in survival for patients with castration-

refractory PCa23) or with docetaxel (a chemotherapy that has been reported in phase 

II studies to successfully reduce serum PSA levels24,25). Whereas mitoxantrone, as a 

type II topoisomerase inhibitor that intercalates between DNA bases and thereby 

disrupts DNA synthesis and repair26,27, is not directly linked to AR biology, docetaxel 

is. It belongs to the taxane class of chemotherapeutic agents that bind to tubulin and 

hyperstabilize microtubules, which ultimately leads to impairments of the mitotic cell 

cycle and AR signaling by preventing its nuclear translocation28-31. The TAX-327 study 

Table 1: Clinical trials of systemic treatments for mCRPC that improve overall survival.‡

Trial (Registration 

Number)

Study Intervention Median Overall Survival (95% CI) Hazard Ratio 

(95% CI; P-value)

References Sequence

Treatment Control Treatment Control

Chemotherapy TAX-327* Docetaxel + 

Prednisone

Mitoxantrone + 

Prednisone

19.2 months

(17.5-21.3)

16.3 months

(14.3-17.9)

0.76 (0.62-0.94; 

P = 0.009)

Tannock, et al. 22,

Berthold, et al. 32 Progression after 

ADT without 

chemotherapy
Hormonal Therapy PREVAIL

(NCT01212991)

Enzalutamide Placebo 35.3 months

(32.2-not yet 

reached)

31.3 months

(28.8-34.2)

0.77 (0.67-0.88; 

P = 0.0002)

Beer, et al. 15,

Beer, et al. 40

AFFIRM

(NCT00974311)

Enzalutamide Placebo 18.4 months

(17.3-not yet 

reached)

13.6 months

(11.3-15.8)

0.63 (0.53-0.75; 

P < 0.001)

Scher, et al. 2 Progression 

after ADT and 

docetaxel

‡ CI, confidence interval; ADT, androgen-deprivation therapy.

* No trial registration number available for TAX-327.
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(11.3-15.8)
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after ADT and 
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identified docetaxel as the first chemotherapeutic drug that showed a modest overall 

survival (OS) benefit compared to mitoxantrone (Table 1)32. Based on these results, 

docetaxel was established as a first-line therapy option for both, symptomatic as well 

as asymptomatic mCRPC.

Docetaxel resistance

As described above, mCRPC patients treated with docetaxel-based chemotherapy 

have a modest OS benefit implying most patients will progress rather rapidly. In 

patients with a good initial response to docetaxel therapy, re-challenging with the 

same chemotherapeutic agent results in a PSA response in up to 60% of patients 

with a median time to progression of 6 months33. As this response is less profound as 

compared to the therapeutic effect in the first round, it could also be hypothesized 

that the efficacy of docetaxel re-challenge will keep decreasing until its effect becomes 

negligible. Mechanisms underlying this docetaxel resistance in the mCRPC setting can 

be diverse34. On the one hand, those include rather general mechanisms associated 

with resistance to taxanes, including an altered microtubule composition affecting 

docetaxel binding (such as upregulation of certain isotypes35 or mutations36), a reduced 

intracellular drug accumulation due to overexpression of drug efflux pumps (such as 

P-glycoprotein37) or an impaired drug distribution due to aberrant angiogenesis38. 

On the other hand, resistance can also develop due to mechanisms intrinsic to the 

biology of mCRPC like continued AR signaling which stimulates PCa growth and 

inhibits apoptosis34 or due to the activation of compensatory oncogenic pathways 

(such as PI3K/AKT or MAPK/ERK39) which are themselves associated with proliferation 

and survival. As a result of taxane resistance, new therapeutic approaches tackling 

docetaxel-resistant mCRPC were needed and much sought-after.
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Enzalutamide as a second-line hormone therapy

Preclinical development

Ever since molecular profiling studies have revealed that many CRPC tumors remain AR-

driven, there has been great interest in identifying novel and potent strategies to better 

block the AR signaling axis41. Such next generation antiandrogens should – unlike their 

first-generation counterparts (e.g., bicalutamide and flutamide) – preferably possess greater 

AR binding affinities without any agonistic effects41,42. In their search for such improved 

antiandrogens, Tran, et al. 1 screened nearly 200 thiohydantoin derivatives of RU59063 – a 

non-steroidal AR agonist with a relatively high affinity and selectivity over other nuclear 

hormone receptors – for retained activity in human PCa cells that overexpressed the AR 

protein, which is also clinically observed in the castration-resistant disease setting. RD162 

and MDV3100 (now enzalutamide) were selected as the lead compounds for additional 

biological validation, and importantly, both antiandrogens led to tumor regression in 

xenograft models1. Due to its favorable drug-like properties, such as oral bioavailability 

and longer serum half-life, enzalutamide was selected for further clinical development42.

Clinical testing

The preclinically-demonstrated antitumor activity of enzalutamide was subsequently 

validated in a phase I/II trial, in which patients with progressive mCRPC were enrolled in 

dose-escalation cohorts, ultimately demonstrating its safety and tolerability, along with 

antitumor effect at all tested doses43. In 2012, the preliminary analysis of the AFFIRM trial 

was published, being the first phase III study on enzalutamide in the mCRPC setting2. In 

this trial, 1199 mCRPC patients who progressed on docetaxel therapy were randomized to 

receive either enzalutamide or placebo. Enzalutamide treatment significantly improved 

patient outcome after docetaxel therapy compared to the placebo control group (Table 1). 

The efficacy of enzalutamide and its limited toxicity as compared to chemotherapy could 

not only be achieved in mCRPC patients who were previously treated with docetaxel, but 

also in the chemotherapy-naïve setting, as addressed by the PREVAIL study15. This was a 

randomized phase III trial including 1717 chemo-naïve mCRPC men comparing enzalutamide 

therapy to a placebo. Again, enzalutamide therapy resulted in a significant improvement 

in OS and radiographic progression-free survival (rPFS) (Table 1)40. Moreover, the results 

of the randomized phase III PROSPER trial were recently published. Therein, the addition 

of enzalutamide or placebo to continued ADT was tested with regards to its potential to 

delay metastasis formation in men with non-metastasized CRPC who are at high risk for 

developing distant lesions. In this setting, enzalutamide therapy led to a 71% lower risk of 

metastasis or death compared to placebo44. Based on these results, enzalutamide is now 

a primary treatment option for metastasis-free CRPC and asymptomatic mCRPC, whereas 

docetaxel is mainly used in men with symptomatic metastasized disease and acquired 

resistance to first-line therapeutics15,44,45.
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Biomarkers for enzalutamide response

The readout of prostate specific antigen (PSA) levels as a diagnostic biomarker was 

already introduced in the 1980’s, but has also been questioned since then, mainly due to 

its non-specificity as a marker for cancerous lesions46,47. However, PSA measurements 

as a monitoring biomarker for either treatment response or resistance following PCa 

diagnosis and corresponding interventions, are routinely used in the clinic. PSA declines 

of at least 30% after 4 weeks and > 30% or > 50% after 12 weeks of treatment have 

been shown to correlate with a survival advantage especially in patients treated with 

AR-targeting compounds, whereas stable or increased PSA levels correlated with 

poorer outcome48-51. Moreover, circulating tumor cells (CTCs) seem to be a promising 

tool to predict a treatment-induced survival benefit. It has been observed that patients 

with a decline in number of CTCs (> 30%) after 4 weeks of therapy have a better 

prognosis52-55. Consequently, CTCs could be a better marker for treatment resistance 

in tumors progressing without an obvious PSA rise, taking into account that further 

validation is warranted before it can be recommended in daily clinical practice. These 

on-treatment readouts, however, solely allow monitoring of a patient’s response to 

e.g., enzalutamide therapy. Whereas some men do respond exceptionally well and 

continue treatment for several years, others progress within months or even do not 

show any response at all56. Thus, biomarkers that enable the identification of patient 

subpopulations that benefit from enzalutamide treatment are urgently needed to 

improve the management of PCa patients.

Especially in the primary disease setting, tissue biopsies have proved to be highly 

informative. Besides classification systems based on clinical parameters (such as 

Gleason score, PSA and clinical staging)57, genomic analyses may provide risk-

assessment biomarkers that stratify patients with PCa on outcome58-60. However, the 

bone-predominant metastatic landscape of CRPC renders them rather impractical in 

routine clinical practice and current approaches almost exclusively focus on minimally 

invasive biomarkers from blood61. Until now, several studies have shown that the 

profiling of CTCs or cell-free tumor DNA (cfDNA) in liquid biopsies enables the detection 

of AR splice variants, AR copy-number gains and AR mutations, all of whom are at least 

associated with enzalutamide resistance and poorer prognosis61-66. Nonetheless, no 

such biomarker is implemented and routinely used in the clinic thus far, and further 

studies that robustly validate each biomarker in a prospective fashion are required for 

a potential practice change56.
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Molecular basis underlying enzalutamide resistance

The AFFIRM and PREVAIL trials clearly demonstrated the advantages of enzalutamide 

treatment. However, 46% (AFFIRM) and 22% (PREVAIL) of patients with mCRPC did not 

respond to second- or first-line treatment with enzalutamide, meaning that their PSA levels 

did not decline ≥ 50% from baseline. The remaining 54% and 78% of enzalutamide-treated 

patients responded initially, but PSA progression could be observed after a median time 

of 8.3 months (AFFIRM) and 11.2 months (PREVAIL)2,15. The mechanisms underlying this 

pre-existent or acquired resistance to enzalutamide are still not fully elucidated, but several 

possible mechanisms have been proposed67. In the next section, we will briefly discuss such 

potential mechanisms, which are elaborately discussed in Prekovic, et al. 19. 

AR mutations

Gain-of-function mutations in the AR gene, especially within the exon 7 (encoding for the 

ligand-binding domain), have been found in 5-30% of CRPC patients68-72. These genomic 

alterations do not only permit receptor activation by various circulating steroids next to 

testosterone (such as H875Y or T878A) but may also alter the responsiveness of the AR 

to antiandrogens, resulting in antagonist-to-agonist switching52,73,74. This is exemplified 

by the F877L/T878A and M896V/S889G double mutants, which were associated with 

resistance75,76 and have recently been found in cfDNA extracted from plasma of mCRPC 

patients progressing on enzalutamide therapy61,77.

AR splice variants

Alternatively spliced AR variants, especially AR-V7, have been reported to be implicated 

in resistance to AR-targeting drugs, including enzalutamide. AR-V7 is an AR isoform 

that lacks the ligand-binding domain (LBD), causing the variant to be constitutively 

active and resistant to LBD-targeting inhibitors78-80. Multiple studies have demonstrated 

that AR-V7 expression is a biomarker for resistance to AR-targeting drugs in CRPC81-86, 

but it remains to date unclear whether AR-V7 is driving the resistance or whether it 

merely is a manifestation of treatment-induced selective pressure without being the 

key-driver to therapy failure. 

Glucocorticoid receptor takeover

The glucocorticoid receptor (GR) has been reported to be upregulated or re-expressed 

after AR blockade, indicating a complex crosstalk between AR and GR biology. Due 

to great similarities in the mechanism of action between nuclear receptors, GR is 

suggested to take over the role of AR by driving the expression of a subset of androgen-

responsive genes, thus enabling the tumor to progress even in presence of the AR-

selective antagonist enzalutamide87-91.
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Intratumoral production of androgens

In addition, reactivation of the AR can occur via intratumoral production of androgens, 

enabling the prostate cancers to progress despite ongoing androgen deprivation92. The 

expression of one of the essential enzymes in androgen biosynthesis, AKR1C3, was 

significantly increased in enzalutamide-resistant cells and xenograft tumors as well as 

in clinical specimens of advanced PCa, making it an attractive therapeutic target93-97. 

Inhibition of AKR1C3 as a novel therapeutic strategy is currently under investigation 

in a clinical trial (NCT02935205) studying its potential benefit in combination with 

enzalutamide therapy in mCRPC98.

Other known resistance mechanisms

Next to the aforementioned AR-related underpinnings of enzalutamide resistance, 

several additional mechanisms have been described to give rise to therapy resistance 

but are not within the scope of this review. Among those are very diverse adaptations, 

such as metabolic changes (e.g. shifting to aerobic glycolysis99 or alterations in the 

hexosamine biosynthetic pathway100), but also autophagy101 or activation of certain 

signaling pathways (such as WNT102 or IL-6103) – all of whom are addressed in depth in 

Prekovic, et al. 19.
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Beyond enzalutamide resistance – 
therapy sequencing and alternative therapeutic options

Scheduling of enzalutamide treatment in mCRPC patients can differ greatly, depending 

on a patient’s PCa stage, overall health status, treatment history and personal 

preference (Fig. 3). The mechanisms behind enzalutamide resistance (or other AR 

antagonists) may therefore also differ as these may depend on the settings in which the 

drug was administered. Over the last decade, several treatments have been developed, 

even though the optimal sequence of therapies still remains to be determined. This is 

especially the case, since none of the available therapeutic options described in Table 2 

have yet been compared head-to-head in clinical trials104.

Figure 3: Schematic representation of treatment options in the mCRPC setting according to current 

standards of care. Therapeutic options are subdivided in first- and second-line therapies based on the 

clinical setting of the disease (asymptomatic versus symptomatic or visceral metastases). Treatment 

options are also determined by the overall performance status (PS) of the patient (PS 0-1: normal 

activity or some symptoms, but almost entirely ambulatory; PS ≥ 2: symptomatic patients < 50% of 

daytime in bed up until completely bedridden).
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Available therapeutic options in clinical practice

For mCRPC patients responding to enzalutamide, there is no doubt that outcomes 

have improved significantly. Nevertheless, despite the survival benefits, patients are 

still progressing and improvements in absolute survival rates are rather disappointing. 

Besides enzalutamide, several other therapeutic options with proven benefit for mCRPC 

patients have been developed in the past 10 years, which are summarized in Table 2 

and will be briefly discussed hereafter.

Cabazitaxel

Cabazitaxel is – like docetaxel – a taxane, which stabilizes microtubules and consequently 

impairs mitotic cell division28,113 (Fig. 4A). However, the drug shows antitumor activity 

in docetaxel-resistant models, potentially due to the fact that cabazitaxel is a poor 

substrate for the drug-efflux pump P-glycoprotein, which is reported to contribute to 

docetaxel resistance114. In line with this, cabazitaxel has been shown to improve overall 

survival in mCRPC patients with progressive disease on or after docetaxel-based 

intervention109,110.

Abiraterone acetate

Abiraterone acetate (hereafter referred to as abiraterone) is targeting the AR signaling 

axis by inhibiting cytochrome P450 17A1 (CYP17A1) – an enzyme involved in intracellular 

biosynthesis of androgens that enables prostate cancer cells to bypass androgen 

deprivation (Fig. 4B)3,10,115. In addition, it has been demonstrated that abiraterone and 

one of its metabolic derivatives are able to directly bind to the AR and thereby inhibit 

the signaling of this ligand-dependent transcription factor12,116-118. Several large clinical 

trials have shown its efficacy in the hormone-naïve metastatic PCa setting119,120 as well 

as in the chemo-naïve106 and post-docetaxel108 mCRPC setting.
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Table 2: Multiple large clinical trials of alternative therapies that improve survival of patients with 

mCRPC.‡

Trial (Registration 

Number)

Study Intervention Median Overall Survival (95% CI) Hazard Ratio 

(95% CI; P-value)

References Sequence

Treatment Control Treatment Control

Hormonal Therapy COU-AA-302

(NCT00887198)

Abiraterone + 

Prednisone

Placebo + 

Prednisone

34.7 months

(32.7-36.8)

30.3 months

(28.7-33.3)

0.81 (0.70-0.93; 

P = 0.0033)

Ryan, et al. 45, 

Rathkopf, et al. 105,

Ryan, et al. 106

Progression after 

ADT without 

chemotherapy

COU-AA-301

(NCT00638690)

Abiraterone + 

Prednisone

Placebo + 

Prednisone

15.8 months

(14.8-17.0)

11.2 months

(10.4-13.1)

0.74 (0.64-0.86; 

P < 0.0001)

De Bono, et al. 107, 

Fizazi, et al. 108

Progression 

after ADT and 

docetaxelChemo-therapy TROPIC

(NCT00417079)

Cabazitaxel + 

Prednisone

Mitoxantrone + 

Prednisone

15.1 months

(14.1-16.3)

12.7 months

(11.6-13.7)

0.70 (0.59-0.83; 

P < 0.0001)

de Bono, et al. 109,

 Bahl, et al. 110

Immuno-therapy IMPACT

(NCT00065442)

Sipuleucel-T Placebo 25.8 months

(22.8-27.7)

21.7 months

(17.7-23.8)

0.78 (0.61-0.98; 

P = 0.03)

Kantoff, et al. 111 Progression after 

ADT, unspecified 

docetaxel statusAlpha-particle Therapy ALSYMPCA

(NCT00699751)

Radium-223 Placebo 14.9 months

(13.9-16.1)

11.3 months

(10.1-12.8)

0.70 (0.58-0.83; 

P < 0.001)

Parker, et al. 112

‡ CI, confidence interval; ADT, androgen-deprivation therapy.

Sipuleucel-T

Sipuleucel-T is an autologous cell-based cancer immunotherapy, in which the patient’s 

immune system is reprogrammed to recognize and eradicate cancer cells121. During 

the procedure, antigen-presenting cells are isolated from blood and primed ex vivo to 

recognize prostatic acid phosphatase – an enzyme overexpressed in prostate cancers 

– after which the activated immune cells are reinfused into the patient122,123 (Fig. 5A). 

In a phase III trial, this therapeutic cancer vaccine has prolonged overall survival of 

mCRPC patients with asymptomatic or minimally symptomatic disease, making it 

the first immunotherapeutic approach shown to improve survival in PCa111. However, 

Sipuleucel-T administration has thus far only been tested with concurrent or prior to 

enzalutamide therapy (NCT01981122), where both treatment schedules seem to result 

in similarly robust immune responses with no differences in median OS124,125. Until now, 

Sipuleucel-T is therefore considered as a therapeutic option prior to docetaxel and 

enzalutamide, as recommended by a European expert consensus panel, unless further 

studies demonstrate its effectiveness in the enzalutamide-resistant mCRPC setting126.

Radium-223

In symptomatic mCRPC patients with skeletal metastases, Radium-223 dichloride 

(Radium-223) is an additional therapeutic option that improves overall survival112. Radium-223 

is a bone-seeking calcium-mimetic that concentrates at areas of increased bone turnover, 

as found in osteoblastic bone metastases from prostate cancer, where it emits high-energy 

alpha-particle radiation that causes severe DNA damage in nearby cells112,127-129 (Fig. 5B).
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21.7 months

(17.7-23.8)

0.78 (0.61-0.98; 

P = 0.03)
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0.70 (0.58-0.83; 

P < 0.001)
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‡ CI, confidence interval; ADT, androgen-deprivation therapy.

Sipuleucel-T

Sipuleucel-T is an autologous cell-based cancer immunotherapy, in which the patient’s 

immune system is reprogrammed to recognize and eradicate cancer cells121. During 

the procedure, antigen-presenting cells are isolated from blood and primed ex vivo to 

recognize prostatic acid phosphatase – an enzyme overexpressed in prostate cancers 

– after which the activated immune cells are reinfused into the patient122,123 (Fig. 5A). 

In a phase III trial, this therapeutic cancer vaccine has prolonged overall survival of 

mCRPC patients with asymptomatic or minimally symptomatic disease, making it 

the first immunotherapeutic approach shown to improve survival in PCa111. However, 

Sipuleucel-T administration has thus far only been tested with concurrent or prior to 

enzalutamide therapy (NCT01981122), where both treatment schedules seem to result 

in similarly robust immune responses with no differences in median OS124,125. Until now, 

Sipuleucel-T is therefore considered as a therapeutic option prior to docetaxel and 

enzalutamide, as recommended by a European expert consensus panel, unless further 

studies demonstrate its effectiveness in the enzalutamide-resistant mCRPC setting126.

Radium-223

In symptomatic mCRPC patients with skeletal metastases, Radium-223 dichloride 

(Radium-223) is an additional therapeutic option that improves overall survival112. Radium-223 

is a bone-seeking calcium-mimetic that concentrates at areas of increased bone turnover, 

as found in osteoblastic bone metastases from prostate cancer, where it emits high-energy 

alpha-particle radiation that causes severe DNA damage in nearby cells112,127-129 (Fig. 5B).

Therapeutics in clinical development

The antiandrogens apalutamide (ARN-509)130 and darolutamide (ODM-201)131 are 

two novel therapeutics, which are currently under clinical investigation. Whereas 

apalutamide’s structure is highly similar to enzalutamide’s, darolutamide is structurally 

distinct. Nevertheless, both novel antiandrogens possess a higher affinity for the AR 

LBD and less passage through the blood-brain barrier compared to enzalutamide. This 

should reduce the risk of seizures – a common side-effect of non-steroidal antiandrogens, 

potentially due to an off-target binding to GABA
A
 receptors in the brain132, which in 

the initial phase I/II dose-escalation study occurred in about 2.1% of enzalutamide-

treated patients (3 out of 140), all of whom, however, received doses that were more 

than twice as high as the later on approved dosage of 160 mg/day43,133. The results 

of a placebo-controlled phase III trial showed significantly improved metastasis-free 

survival and time to symptomatic progression upon apalutamide treatment in men with 

non-metastatic CRPC134. Similarly, a study investigating the efficacy of darolutamide in 

this setting is presently running (NCT02200614). Another drug that is currently being 

studied with regards to overcoming enzalutamide resistance is niclosamide. It is an FDA-

approved anthelminthic drug, which has been identified as a potent AR-V7 inhibitor 

in PCa cells, resulting in PCa cell growth inhibition in vitro and tumor growth inhibition 

in vivo. Further, if administered in combination with enzalutamide, niclosamide could 

re-sensitize enzalutamide-resistant tumors to the antiandrogen135. Currently, the safety 

and pharmacokinetics of the combination therapy are being tested in phase I trials 

(NCT02532114, NCT03123978), in which the poor oral bioavailability of niclosamide has 
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recently been reported to limit its efficacy136. Therefore, the current oral formulation of 

niclosamide might not be effective enough as a mCRPC intervention, demonstrating 

the importance of further clinical testing along with the development of niclosamide 

analogues with improved pharmacokinetic and antitumor properties136.

Taken together, there are – at least theoretically – several alternative treatment options 

for mCRPC patients whose disease progressed on or after enzalutamide treatment. 

However, while choosing an appropriate subsequent therapeutic option, possible 

cross-resistance needs to be considered – especially among the next-generation 

antiandrogens. Moreover, a potential attenuation in a drug’s clinical efficiency may 

occur if used as a second- or third-line intervention, emphasizing the importance of 

optimal treatment scheduling.

Optimizing the sequence of therapies

The introduction of the aforementioned novel effective therapies has added an 

additional dimension to the complex therapeutic landscape of mCRPC. As all of them 

have proven survival advantages, diverse scenarios of therapeutic interventions could 

be generated, but it still remains elusive how best to sequence and/or combine these 

treatment options.

Clinical and translational research exploring enzalutamide scheduling

Since it is out of the scope of this review to discuss all ongoing clinical studies with 

enzalutamide (co)treatment, we have compiled a non-exhaustive list of clinical trials 

registered on clinicaltrials.gov (Supplementary Table S1). Herein, we will focus on the 

limited number of studies that compare the efficacy of the various treatment options 

with the aim to identify an optimal sequence of treatments. One such trial is the ongoing 

OSTRICh study, in which patients with poor prognostic features who progressed on 

docetaxel therapy are randomized between cabazitaxel and either enzalutamide or 

abiraterone (NCT03295565). Sequential treatment with different AR-targeting agents 

has shown limited efficacy as exemplified by modest PSA responses when sequentially 

treated with enzalutamide and abiraterone or vice versa51,137-143. Furthermore, it is 

suggested that docetaxel has a reduced activity after prior therapy with enzalutamide or 

abiraterone144-146. A possible combinatorial treatment regimen is currently being tested 

in trials that evaluate the efficacy of enzalutamide in combination with taxane-based 

chemotherapeutics for the treatment of mCRPC. Such chemohormonal therapies have 

proven benefit in the metastatic non-castrate PCa setting, prior to developing hormone 

insensitivity. Therein, the CHAARTED147-149 and STAMPEDE150 trials showed that upfront 

addition of docetaxel chemotherapy to ADT at diagnosis of treatment-naïve metastatic 

PCa improves overall survival as compared to standard of care ADT. Based on these 
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results, upfront docetaxel combined with ADT is considered to be a treatment option in 

men with de novo metastatic hormone-naïve PCa151. However, its benefit in the mCRPC 

setting remains elusive, as such chemohormonal combinations (such as enzalutamide + 

docetaxel (NCT01565928) or enzalutamide + cabazitaxel (NCT02522715)) have thus far 

only been tested in phase I/II trials with relatively small sample sizes and consequently 

require further study in a larger population152,153.

Up to now, the consensus on therapy sequencing in the mCRPC setting is mostly 

based on small retrospective studies that are unable to give a clear answer. Recently, 

a post-registration study evaluated the efficacy and safety of enzalutamide treatment 

in patients with mCRPC who had previously progressed on abiraterone. Therein, 

enzalutamide therapy was beneficial in some patients, whereas the majority presented 

cross-resistance between the two hormonal agents154. Similar results were shown in 

a retrospective study, in which the response to enzalutamide was associated with 

a longer interval between end of abiraterone and start of enzalutamide treatment, 

suggesting that over time the chance for a subsequent enzalutamide response 

potentially increases155. On the basis of the observed cross-resistance, it is important 

to evaluate which of the endocrine treatment options is more effective as first-line 

therapy for patients with mCRPC. This issue is currently being addressed in the 

ENABLE study for prostate cancer, a phase III multicenter randomized controlled trial, 

in which the efficacies of enzalutamide and abiraterone will be compared head-to-

head156. Additionally, a randomized controlled trial (NCT02125357) is currently being 

performed, which assesses PSA response rates in therapy-naïve mCRPC patients being 

sequentially treated with abiraterone and enzalutamide or vice versa157. Combining 

different AR-targeting drugs simultaneously might improve efficacy as compared to 

consecutive treatment. This is being investigated in patients treated with enzalutamide 

or abiraterone alone versus a combination therapy consisting of both antiandrogens 

(NCT01949337, NCT01995513). Furthermore, although in the hormone-naïve setting, 

the result update of the STAMPEDE trial is awaited with high expectations, as it includes 

an arm with such a combination therapy (NCT00268476, Arm J). Another approach 

to re-challenge enzalutamide-resistant mCRPC has been described by Schweizer, et al. 
158 and is referred to as bipolar androgen therapy (BAT). BAT is exploiting the adaptive 

increase of AR levels in CRPC, allowing the tumor cells to cope with castrate levels 

of testosterone, by rapidly cycling between androgen stimulation and deprivation. A 

subsequent phase II study of BAT in mCRPC patients that progressed on enzalutamide 

showed successful re-sensitization to the drug, when the patients were re-challenged 

with the antiandrogen upon progression on testosterone therapy159.
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Figure 4: Mechanisms of action of taxane chemotherapeutics and the antiandrogen abiraterone 

acetate. (A) Taxane chemotherapeutics, such as docetaxel and cabazitaxel, act by hyperstabilizing 

microtubules, which – due to the microtubules’ role in chromosome segregation during mitosis – 

causes a cell cycle arrest in metaphase followed by apoptosis. Moreover, taxanes directly affect AR 

signaling by inhibiting the microtubule-dependent AR nuclear translocation in response to androgen 

stimulation. DHT, dihydrotestosterone; AR, androgen receptor; ARE, AR-response element. (B) 

Abiraterone is a cytochrome P450 17A1 (CYP17A1) inhibitor that leads to androgen deprivation by 

inhibiting the intracellular biosynthesis of androgens in the testis and adrenal glands. Androgens 

are produced via the hypothalamic-pituitary-testis and to a small degree also via the hypothalamic-

pituitary-adrenal axis. Within these axes, CYP17A1 is responsible for converting cholesterol to 

androgens, such as testosterone, which gets reduced to the potent AR agonist DHT in the prostate. 

In addition to androgen deprivation, abiraterone is capable of directly interacting with the AR and 

thereby blocks the signaling of this hormone-responsive transcription factor. LHRH, luteinizing 

hormone-releasing hormone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; ACTH, 

adrenocorticotropic hormone; NRC, nuclear receptor coregulator.
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Figure 5: Mechanisms of action of Sipuleucel-T and Radium-223. (A) Sipuleucel-T is a cancer 

immunotherapy, which makes use of autologous antigen-presenting cells (APCs) to activate the 

patient’s immune system against PCa cells. Dendritic cells, the most efficient APCs, are isolated 

from blood samples and cultured ex vivo together with a recombinant fusion protein, composed of 

prostatic acid phosphatase (PAP) – an enzyme overexpressed in PCa; and granulocyte-macrophage 

colony-stimulating factor (GM-CSF) – a cytokine that enhances immune responses. The APCs take 

up these antigens, present them on their surface, and upon activation express the surface marker 

Cluster of Differentiation 54 (CD54) – a glycoprotein that is involved in APC - T-cell interactions. The 

activated APCs are then reinfused into the patient to trigger a T-cell response against PAP-expressing 

PCa cells. (B) Targeted alpha-particle therapy with Radium-223 is a treatment option in symptomatic 

mCRPC patients with skeletal metastasis. Radium-223 is a radioactive calcium analog that – like 

calcium itself – gets incorporated by osteoblasts into the bone matrix. This especially occurs at sites 

of increased bone formation, as found in bone metastasis from PCa, where Radium-223 emits high-

energy alpha-particle radiation that causes severe DNA damage in nearby cells. 

Current consensus guidelines for enzalutamide treatment and therapy sequencing

The St. Gallen Advanced Prostate Cancer Consensus Conference (APCCC) assists 

clinicians in their therapeutic decision-making regarding the management of patients 

with advanced prostate cancer151,160. The recommendations most relevant to this review 

have been summarized in Supplementary Table S2. Accordingly, enzalutamide is 

considered as a first-line treatment in patients with asymptomatic mCRPC, regardless of 

whether they had received ADT alone or in combination with docetaxel in the castration-
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sensitive setting. Similarly, enzalutamide is a first-line option for symptomatic men who 

received docetaxel in the castration-naïve setting; whereas either docetaxel, abiraterone 

or enzalutamide treatment are the therapies of choice for symptomatic patients who 

did not receive docetaxel in this setting. Furthermore, there was consensus that both, 

asymptomatic as well as symptomatic mCRPC patients, progressing on or after first-

line docetaxel chemotherapy should receive either enzalutamide or abiraterone as a 

second-line agent.

Novel therapeutic targets

In addition to the clinically used enzalutamide alternatives described above, there 

are currently several treatment strategies in development. The studies with the most 

promising (pre-) clinical data and/or ongoing clinical trials are discussed hereafter. 

In clinical development

Recently whole-exome and transcriptome analysis of advanced PCa revealed that 

89% of 150 mCRPC patients had clinically targetable aberrations161. Next to well-known 

frequently occurring aberrations (AR, ETS, TP53 and PTEN), new genomic alterations 

were found to be highly enriched in mCRPC patients, including PIK3CA/B, R-spondin, 

BRAF/RAF1, APC, b-catenin and ZBTB16/PLZF. Furthermore, genes involved in DNA 

damage repair (BRCA2, BRCA1 and ATM) were altered more frequently than expected161. 

More recently, Pritchard, et al. 162 have found that 11.8% of patients with metastatic 

PCa have inherited germline mutations in DNA damage repair genes, which seem 

to be effectively treatable with the PARP-inhibitor Olaparib163. In consequence of the 

identification of these genomic alterations in mCRPC, there is a great interest in the 

design of clinical trials targeting these pathways in combination with enzalutamide 

treatment. Trials that are currently running include PI3K/AKT/mTOR pathway inhibition 

using LY3023414 (NCT02407054), TGF-β receptor I pathway inhibition using Galunisertib 

(NCT02452008), and IGF1 pathway inhibition using Xentuzumab (NCT02204072).

mCRPC is also characterized by changes in the epigenetic and chromatin status like 

altered histone acetylation or DNA methylation, based on which chromatin readers/

modifiers are regarded as potential therapeutic targets164-167. Therefore, the BET 

family of proteins which recognize and bind acetylated histones and are implicated in 

transcriptional regulation processes are potential therapeutic targets168. In particular, 

BRD4, a conserved member of the BET family of chromatin readers, has a crucial 

role in global RNA-polymerase II (RNA-Pol II)-mediated transcription169,170. Inhibition 

of BRD4 recruitment to active chromatin results in displacement of RNA-Pol II from 

its target genes and eventually leads to growth inhibitory effects in CRPC xenograft 

models170-173. Besides, BRD4 can physically interact with the N-terminal domain of 



Enzalutamide: efficacy, resistance and beyond   |   45

2

the AR to mediate its transcriptional signaling170,174,175. Hence, clinical trials have been 

initiated that investigate safety, pharmacodynamics, pharmacokinetics and clinical 

responses to a BET inhibitor (GSK525762) as monotherapy (NCT01587703) or in 

combination with antiandrogens (NCT03150056) in men with chemo-naïve or 

chemo-treated CRPC.

Different types of immunotherapies, e.g., anti-PD-L1 antibodies, are being examined 

in nearly all types of cancer, showing most efficacy in tumors with a high mutational 

load and an immunologically “hot” tumor microenvironment176-179. However, PCa is 

generally characterized by a relatively “cold” microenvironment with little cytotoxic 

T-cell infiltration180. Moreover, the mutational frequency is comparatively low, possibly 

restricting successful immunotherapy-mediated interventions to prostate tumors 

with deficient DNA damage repair181. Recently, Zehir, et al. 182 reported a patient case 

with castration- and enzalutamide-resistant PCa, who responded exceptionally well 

to anti-PD-L1 immunotherapy. Prospective clinical sequencing of the patient’s tumor 

and blood samples revealed a DNA mismatch-repair (MMR) deficiency signature in 

the cancerous tissue without a clear underlying somatic or germline MMR pathway 

lesion182. Hence, clinical trials are currently investigating the safety and efficacy of PD-L1 

checkpoint inhibition as a monotherapy (using Avelumab) in patients with metastatic 

neuroendocrine-like PCa (NCT03179410), and as a combinatorial treatment (using 

Atezolizumab and enzalutamide) in patients with mCRPC (NCT03016312).

In the pre-clinical phase

Besides targeting AR itself, translational research has focused over the last couple of 

years on finding treatment options interfering with molecules that are associated with 

the AR signaling pathway and thus required for proper AR action. By now, hundreds 

of these AR regulators and interactors have been identified, all of which could be of 

interest for future drug development183-185. In the following, we briefly discuss therapeutic 

intervention strategies with promising pre-clinical results that target a subset of AR 

coregulators and thus serve as a proof-of-principle.

Recently, several inhibitors of the histone acetyltransferases E1A binding protein 

(P300) and cAMP response element binding protein (CREB)-binding protein (CBP) 

have been developed; such as GNE-049186, A-485187 and CCS1477188. CBP and P300 

are two closely related and known transcriptional AR coactivators that have been 

suggested to play an important role in PCa progression189,190. In preclinical studies 

P300/CBP inhibitors block the AR transcriptional program and PCa cell proliferation 

in cell lines as well as castration-resistant xenograft models186-188, supporting their 

potential clinical impact, which needs to be further validated in clinical trials. Very 
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recently, a phase I/II trial assessing the safety and biological activity of the P300/

CBP inhibitor CCS1477 as monotherapy or in combination with abiraterone or 

enzalutamide in mCRPC patients has been initiated (NCT03568656). Other AR-

coactivators that are currently being studied regarding their potential as therapeutic 

targets are the P160 steroid receptor coactivators SRC-1, SRC-2 and SRC-3191. SRC-1 

and SRC-3 have been reported to be overexpressed in PCa cell lines and clinical 

specimens, where their expression levels have been associated with tumor grade 

and disease-specific survival191,192. Moreover, SRC-3 knockdown experiments in mice 

have shown decreased tumor growth, indicating its importance in prostate cancer 

proliferation and progression193,194. SRC-2 has been suggested as an PCa oncogene on 

the basis of integrated genomic profiling of 218 prostate tumors, illustrating SRC-2 

gene amplifications, mutations or overexpression to occur in 8% of primary and 37% 

of metastatic PCa lesions195. Rather recently, a novel potent small molecule inhibitor 

for SRCs (SI-2) has been developed, which is setting the stage for further (pre-)clinical 

validation196. Paradoxically, not only SRC inhibition, but also hyper-stimulation can be 

exploited to selectively induce cancer cell death and in vivo tumor growth inhibition. 

A high-throughput screen identified a small molecule (MCB-613), which over-activates 

SRC transcriptional programs, leading to excessive cellular stress in cancer cells that 

highly rely on proper SRC functioning197.

While most of the above-mentioned novel therapeutic approaches represent 

systemic treatments, interventions that specifically interfere with acquired features 

in PCa and thus would limit off-target effects, are of prime interest. A fusion of the 

androgen-responsive transmembrane protease serine 2 (TMPRSS2) and the v-ets 

erythroblastosis virus E26 oncogene homolog (ERG) is found in approximately 50% 

of prostate cancer cases, making it the most common genetic aberration in PCa198,199. 

TMPRSS2-ERG gene fusions lead to overexpression of the usually lowly expressed ERG 

master transcription factor driven by the androgen-regulated promoter of TMPRSS2. 

This is considered an early event in PCa development and phenotypically results in 

increased PCa cell migration, invasion and incomplete differentiation compared to 

benign prostate epithelial cells due to an altered transcriptional profile200-202. Thus 

far, three preclinical approaches have been published using either a peptide-based 

vaccine to prime the patient’s immune system to recognize the TMPRSS2-ERG 

fusion as an antigen203; liposomal nanovectors containing TMPRSS2-ERG-specific 

siRNAs204; or cell-permeable ERG inhibitory peptides that specifically block ERG-

mediated transcription by interacting with its DNA-binding domain205. However, much 

more preclinical validations and targeting strategies have to be explored until this 

therapeutic approach could potentially move to the clinic. 
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Although AR action remains essential in mCRPC, this is not the only targetable 

molecule driving this complex disease. Indeed, increasing evidence suggests that a 

subset of antiandrogen-resistant tumors show neuroendocrine features which seem 

to be a consequence of treatment-induced adaptation of adenocarcinomas with 

genomic and epigenomic drivers associated with decreased AR activity and epithelial 

plasticity206,207. Efficacy of platinum-based chemotherapy has been suggested in small-

cell neuroendocrine PCa before and a trial (NCT02208583) is currently investigating 

this, based on the molecular phenotype of mCRPC208.
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Conclusions and future perspectives

The introduction of enzalutamide as a second-line hormonal therapy for patients with 

mCRPC has led to significant improvements in the management of the disease. Due 

to tumor heterogeneity, the duration of benefit to enzalutamide interventions varies 

between patients. While some men do respond extremely well and continue treatment 

for several years, others progress rapidly as a result of treatment resistance. The 

increasing number of ongoing clinical trials reflects the successful preclinical advances 

in understanding enzalutamide resistance mechanisms and in discovering novel 

therapeutic targets to maximize clinical outcome. However, the disease continues to 

be terminal and current treatment options, including enzalutamide and its alternatives, 

have only a modest impact on survival, highlighting that many aspects of the disease 

remain poorly understood. Only by understanding which mechanisms underlie 

treatment resistance, robust molecular or clinical biomarkers can be developed to 

guide therapeutic decision-making and to identify patient-subpopulations that benefit 

thereof mostly. That way, well thought-out therapeutic strategies can be designed, 

comprising optimal patient-tailored therapy sequencing and combination.



Enzalutamide: efficacy, resistance and beyond   |   49

2

Conflict of interest 

H. van der Poel reports grants from Astellas during the conduct of the study. A.M. 

Bergman reports grants from Astellas Pharma during the conduct of the study, as well 

as personal fees from Astellas Pharma outside the submitted work. W. Zwart reports 

grants from Astellas Pharma during the conduct of the study, as well as personal fees 

from Astellas Pharma, and grants from AstraZeneca outside the submitted work. No 

disclosures were reported by the other authors. 

Acknowledgments 

This work was supported by grants from the Alpe d’HuZes/Dutch Cancer Society KWF 

(10084), Movember (NKI01), and the Dutch Organization for scientific research NWO 

(91716401). The authors would like to thank Thomas van den Broeck, Steven Joniau and 

Frank Claessens for their contributions and input on the initial draft of the manuscript.



50   |   Chapter 2

Supplementary tables

Supplementary Table S1: Non-exhaustive list of clinical trials regarding enzalutamide (co)treatment 

and resistance, registered on clinicaltrials.gov. 

Trial and/or 

Registration Number

Treatment Regimen Status

STRIVE, 

NCT01664923

Enzalutamide vs. Bicalutamide completed

NCT03418324 Enzalutamide + TRC105 vs. Abiraterone + TRC105 recruiting

NCT01547299 Enzalutamide vs. Enzalutamide + Leuprolide + Dutasteride completed

ENACT, 

NCT02799745

Enzalutamide vs. Active Surveillance recruiting

NCT02294461 Enzalutamide vs. Placebo active

NCT02640534 Enzalutamide vs. Enzalutamide + Metformin recruiting

PLATO, NCT01995513 Enzalutamide + Abiraterone + Prednisone vs. Placebo + 

Abiraterone + Prednisone

active

PREVAIL, 

NCT01212991

Enzalutamide vs. Placebo active

AFFIRM, 

NCT00974311

Enzalutamide vs. Placebo completed

ARCHES, 

NCT02677896

Enzalutamide + ADT vs. Placebo + ADT active

PROfound, 

NCT02987543

Enzalutamide/Abiraterone (+Prednisone) vs. Olaparib recruiting

STRIDE, 

NCT01981122

Enzalutamide + Sipuleucel-T (concurrent) vs. Enzalutamide 

+ Sipuleucel-T (sequential)

active

NCT02407054 Enzalutamide + LY3023414 vs. Enzalutamide + Placebo recruiting

NCT02607228 Enzalutamide + GS-5829 vs. GS-5829 active

PRESIDE, 

NCT02288247

Enzalutamide + Docetaxel + Prednisolone vs. Placebo + 

Docetaxel + Prednisolone

active

NCT02918968 Enzalutamide + ADT (1st), Flutamide (2nd) vs. Flutamide + 

ADT (1st), Enzalutamide (2nd)

active

NCT02685267 Enzalutamide + Docetaxel + Prednisone vs. Docetaxel + 

Prednisone

active

PROSPER, 

NCT02003924

Enzalutamide vs. Placebo active

EMBARK, 

NCT02319837

Enzalutamide vs. Enzalutamide + Leuprolide vs. Placebo + 

Leuprolide

recruiting

ENZAMET, 

NCT02446405

Enzalutamide + ADT vs. conventional non-steroidal 

antiandrogen + ADT

active



Enzalutamide: efficacy, resistance and beyond   |   51

2

Supplementary Table S1: Continued.

Trial and/or 

Registration Number

Treatment Regimen Status

NCT02452008 Enzalutamide vs. Enzalutamide + LY2157299 recruiting

NCT02012296 Enzalutamide vs. Enzalutamide + Mifepristone recruiting

NCT01875250 Enzalutamide vs. Enzalutamide + PSA-TRICOM active

ENZARAD, 

NCT02446444

Enzalutamide + ADT + Radiotherapy vs. conventional non-

steroidal antiandrogen + ADT + Radiotherapy

recruiting

TERRAIN, 

NCT01288911

Enzalutamide vs. Bicalutamide completed

PRIMCAB, 

NCT02379390

Enzalutamide/Abiraterone (+Prednisone) vs. Cabazitaxel + 

Prednisone

active

CHEIRON, 

NCT02453009

Enzalutamide + Docetaxel + Prednisone vs. Docetaxel + 

Prednisone

unknown

NCT02254785 Enzalutamide/Abiraterone vs. Cabazitaxel active

NCT01867333 Enzalutamide vs. Enzalutamide + PSA-TRICOM active

CheckMate 9KD, 

NCT03338790

Enzalutamide + Nivolumab vs. Docetaxel + Prednisone + 

Nivolumab vs. Rucaparib + Nivolumab

recruiting

NCT02204072 Enzalutamide vs. Enzalutamide + BI 836845 active

PEACE III, 

NCT02194842

Enzalutamide vs. Enzalutamide + Radium-223 recruiting

NCT02555189 Enzalutamide vs. Enzalutamide + Ribociclib recruiting

NCT02125357 Enzalutamide (1st), Abiraterone + Prednisone (2nd) vs. 

Abiraterone + Prednisone (1st), Enzalutamide (2nd)

active

NCT02346578 Enzalutamide vs. Flutamide recruiting

NCT02058706 Enzalutamide + ADT vs. Bicalutamide + ADT active

CARD, NCT02485691 Enzalutamide/Abiraterone + Prednisone vs. Cabazitaxel + 

Prednisone

recruiting

NCT02034552 Enzalutamide + Radium-223 vs. Abiraterone + Prednisone 

+ Radium-223 vs. Radium-223

active

TRITON3, 

NCT02975934

Enzalutamide/Abiraterone (+Prednisone)/Docetaxel + 

Prednisone vs. Rucaparib

recruiting

NCT01949337 Enzalutamide vs. Enzalutamide + Abiraterone + Prednisone active

Transformer, 

NCT02286921

Enzalutamide vs. Testosterone Cypionate/Enanthate recruiting

NCT02278185 Enzalutamide vs. ADT recruiting

NCT02268175 Enzalutamide + ADT vs. Enzalutamide + ADT + Abiraterone 

+ Prednisone 

active

IMbassador250, 

NCT03016312

Enzalutamide vs. Enzalutamide + Atezolizumab recruiting
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Supplementary Table S1: Continued.

Trial and/or 

Registration Number

Treatment Regimen Status

PCS IX, 

NCT02685397

Enzalutamide + ADT vs. Enzalutamide + ADT + 

Radiotherapy

recruiting

OSTRICh, 

NCT03295565

Enzalutamide/Abiraterone + Prednisone vs. Cabazitaxel recruiting

KEYNOTE-365, 

NCT02861573

Enzalutamide + Pembrolizumab vs. Docetaxel + 

Prednisone + Dexamethasone + Pembrolizumab vs. 

Olaparib + Pembrolizumab

recruiting

NCT03150056 Enzalutamide + GSK525762 vs. Abiraterone + Prednisone 

+ GSK525762

recruiting

STAMPEDE (Arm J), 

NCT00268476

Enzalutamide + Abiraterone + Prednisolone + ADT vs. 

Abiraterone + ADT vs. Docetaxel + Prednisolone + ADT vs. 

more

active

NCT02203695 Enzalutamide + Radiotherapy vs. Placebo + Radiotherapy recruiting

RE-AKT, 

NCT02525068

Enzalutamide + Placebo vs. Enzalutamide + AZD5363 recruiting

TALAPRO-2, 

NCT03395197

Enzalutamide/Abiraterone (+Prednisone) + Talazoparib vs. 

Enzalutamide/Abiraterone (+Prednisone) + Placebo

recruiting

NCT03568656 Enzalutamide + CCS1477 vs. Abiraterone + CCS1477 vs. 

CCS1477

recruiting

NOTE: The search terms used were: “enzalutamide”, study type: “interventional study”, and conditions: 

“prostate cancer” without time restrictions. Single-arm trials or trials without PSA progression, 

radiographic progression, or overall survival as outcomes; and suspended, terminated or withdrawn 

trials were excluded from the list.
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Supplementary Table S2: Summary of the 2017 Advanced Prostate Cancer Consensus Conference 

(APCCC) recommendations relevant to this review.

Sequence: What is your preferred 

mCRPC treatment option:

Therapy: Panel 

agreement:

First-line For asymptomatic men who did 

not received docetaxel in the 

castration-naïve setting?

•	 Enzalutamide or Abiraterone

•	 Docetaxel

•	 Sipuleucel-T

•	 86%

•	 6%

•	 8%

For symptomatic men who did 

not receive docetaxel in the 

castration-naïve setting?

•	 Enzalutamide or Abiraterone

•	 Docetaxel

•	 No preferred option

•	 52%

•	 46%

•	 2%

For asymptomatic men who 

did receive docetaxel in the 

castration-naïve setting?

•	 Enzalutamide or Abiraterone

•	 Cabazitaxel

•	 Docetaxel

•	 Sipuleucel-T

•	 90%

•	 2%

•	 2%

•	 6%

For symptomatic men who 

did receive docetaxel in the 

castration-naïve setting?

•	 Enzalutamide or Abiraterone

•	 Cabazitaxel

•	 Docetaxel

•	 Radium-223

•	 73%

•	 19%

•	 6%

•	 2%

For asymptomatic men who 

received chemohormonal 

therapy and progressed within 

≤6 months after completion of 

docetaxel in the castration-naïve 

setting?

•	 Enzalutamide or Abiraterone

•	 Cabazitaxel

•	 Docetaxel

•	 Platinum-based chemotherapy

•	 No preferred option

•	 77%

•	 17%

•	 2%

•	 2%

•	 2%

For symptomatic men who 

received chemohormonal 

therapy and progressed within 

≤6 months after completion of 

docetaxel in the castration-naïve 

setting?

•	 Enzalutamide or Abiraterone

•	 Cabazitaxel

•	 Platinum-based chemotherapy

•	 Radium-223

•	 Sipuleucel-T

•	 No preferred option

•	 57%

•	 27%

•	 4%

•	 8%

•	 2%

•	 2%

The first-line AR pathway 

inhibitor should be:

•	 Enzalutamide

•	 Abiraterone

•	 No preferred option

•	 24%

•	 35%

•	 37%
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Supplementary Table S2: Continued.

Sequence: What is your preferred 

mCRPC treatment option:

Therapy: Panel 

agreement:

Second-

line

For men with asymptomatic 

mCRPC who had progressive 

disease as best response to 

first-line enzalutamide or 

abiraterone?

•	 Enzalutamide or Abiraterone‡

•	 Taxane

•	 Radium-223

•	 Sipuleucel-T

•	 No preferred option

•	 14%

•	 70%

•	 4%

•	 6%

•	 6%

For men with symptomatic 

mCRPC and acquired resistance 

(initial response followed by 

progression) after use of first-line 

enzalutamide or abiraterone?

•	 Taxane

•	 Radium-223

•	 96%

•	 4%

For men with asymptomatic 

mCRPC who had progressive 

disease as best response to 

first-line enzalutamide or 

abiraterone?

•	 Enzalutamide or Abiraterone‡

•	 Taxane

•	 Radium-223

•	 Sipuleucel-T

•	 No preferred option

•	 27%

•	 57%

•	 10%

•	 4%

•	 2%

For men with symptomatic 

mCRPC who had progressive 

disease as best response to 

first-line enzalutamide or 

abiraterone?

•	 Taxane

•	 Radium-223

•	 No preferred option

•	 90%

•	 8%

•	 2%

For asymptomatic men 

progressing on or after docetaxel 

for mCRPC (without prior 

enzalutamide or abiraterone)?

•	 Enzalutamide or Abiraterone‡

•	 Taxane

•	 Radium-223

•	 92%

•	 6%

•	 2%

For symptomatic men 

progressing on or after docetaxel 

for mCRPC (without prior 

enzalutamide or abiraterone)?

•	 Enzalutamide or Abiraterone‡

•	 Taxane

•	 Radium-223

•	 76%

•	 18%

•	 6%

Third-line For men who have received 

enzalutamide or abiraterone 

as first-line treatment, and 

docetaxel as second-line 

treatment?

•	 Enzalutamide or Abiraterone‡

•	 Cabazitaxel

•	 Radium-223

•	 Platinum-based chemotherapy

•	 No preferred choice

•	 8%

•	 61%

•	 15%

•	 6%

•	 8%

NOTE: Data extracted from the St. Gallen Advanced Prostate Cancer Consensus Conference (APCCC) 

manuscript Gillessen, et al. 151. ‡ Depending on which antiandrogen has already been used as first-line 

treatment.
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Abstract

In prostate cancer, androgen receptor (AR)–targeting agents are very effective in 

various disease stages. However, therapy resistance inevitably occurs, and little is known 

about how tumor cells adapt to bypass AR suppression. Here, we performed integrative 

multi-omics analyses on tissues isolated before and after 3 months of AR-targeting 

enzalutamide monotherapy from patients with high-risk prostate cancer enrolled in 

a neoadjuvant clinical trial. Transcriptomic analyses demonstrated that AR inhibition 

drove tumors toward a neuroendocrine-like disease state. Additionally, epigenomic 

profiling revealed massive enzalutamide-induced reprogramming of pioneer factor 

FOXA1 from inactive chromatin sites toward active cis-regulatory elements that dictate 

prosurvival signals. Notably, treatment-induced FOXA1 sites were enriched for the 

circadian clock component ARNTL. Posttreatment ARNTL levels were associated with 

patients’ clinical outcomes, and ARNTL knockout strongly decreased prostate cancer 

cell growth. Our data highlight a remarkable cistromic plasticity of FOXA1 following 

AR-targeted therapy and revealed an acquired dependency on the circadian regulator 

ARNTL, a novel candidate therapeutic target.

Significance

Understanding how prostate cancers adapt to AR-targeted interventions is critical 

for identifying novel drug targets to improve the clinical management of treatment-

resistant disease. Our study revealed an enzalutamide-induced epigenomic plasticity 

toward prosurvival signaling and uncovered the circadian regulator ARNTL as an 

acquired vulnerability after AR inhibition, presenting a novel lead for therapeutic 

development.
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Introduction

Androgen ablation is the mainstay treatment for patients with metastatic prostate 

cancer (PCa), ever since the direct critical link between androgens and prostate tumor 

progression was first described1. The androgen receptor (AR) is the key driver of PCa 

development and progression, and multiple therapeutic strategies have been developed 

over the years to effectively block the activity of this hormone-driven transcription 

factor. Upon androgen binding, AR associates with the chromatin at distal cis-regulatory 

enhancer elements, where it regulates the expression of genes through long-range 

chromatin interactions in three-dimensional genomic space2,3. AR does not operate in 

isolation, but rather recruits a large spectrum of coregulators and other transcription 

factors to promote expression of genes that drive cancer cell proliferation4. Critical 

AR interactors in the transcription complex are HOXB13 and FOXA1, which are both 

upregulated in primary PCa4-6 and demarcate enhancers that drive not only primary 

tumorigenesis but also metastatic disease progression7. Mechanistically, FOXA1 acts as a 

pioneer factor, rendering the chromatin accessible for AR to bind8-11. FOXA1 is frequently 

mutated in PCa12-16 which was shown to alter its pioneering capacities, perturb luminal 

epithelial differentiation programs, and promote tumor growth, further highlighting 

the critical role of FOXA1 in human prostate tumors17,18. 

Most patients are diagnosed with organ-confined PCa, which can potentially be cured 

through locoregional therapies, such as surgery (radical prostatectomy), radiotherapy 

and/or brachytherapy19. However, approximately 30% of these patients experience 

a biochemical recurrence (BCR) – a rise in prostate-specific antigen (PSA) serum 

levels – indicating PCa relapse20. At this stage of the disease, suppression of androgen 

production is a commonly applied therapeutic intervention that can delay further 

cancer progression for years21,22. Nevertheless, the development of resistance to 

androgen deprivation is inevitable, resulting in castration-resistant prostate cancer 

(CRPC) for which there is no cure23. Most CRPC tumors acquired molecular features that 

enable active AR signaling despite low circulating androgen levels, a finding that led to 

the development of several highly effective AR-targeted therapies. Enzalutamide (ENZ) 

is one of the most frequently used AR-targeting agents, which functions through a 

combined mechanism of blocked AR nuclear import, diminished AR chromatin binding 

and decreased transcription complex formation, effectively impairing AR-driven PCa 

growth24. ENZ’s potent anti-tumor activity has been demonstrated in multiple clinical 

trials, which led to its FDA approval in various PCa disease stages – from metastatic 

CRPC25,26, to metastatic hormone-sensitive27, and even non-metastatic CRPC28 – 

illustrating how AR-targeted therapies are being progressively introduced earlier in 

clinical practice. A clinical benefit of ENZ monotherapy as a neoadjuvant treatment 
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prior to prostatectomy for patients with localized disease, has not been established. 

Although effective in the CRPC setting, resistance to AR pathway inhibition will 

ultimately develop, and the management of advanced PCa with this acquired resistance 

remains a major clinical challenge, especially since the underlying mechanisms are still 

not fully elucidated29. Therefore, furthering our understanding of how ENZ affects PCa 

biology may lead to the identification of acquired cellular vulnerabilities that could be 

therapeutically exploited.

To study global drug-induced transcriptional and epigenetic plasticity in human 

prostate tumors and identify cellular adaptation mechanisms to evade drug treatment, 

we designed a phase 2 clinical trial to perform multi-omics studies in pre- and post-

treatment samples from high-risk localized PCa patients, treated with neoadjuvant 

ENZ monotherapy. We identified transcriptional reprogramming after treatment, with 

deactivation of AR signaling and an activation of cell plasticity with neuroendocrine 

(NE)-like features upon 3 months of AR suppression. Post treatment, these tumors 

harbored a distinct set of 1,430 de novo occupied FOXA1-positive cis-regulatory 

elements, positive for – yet independent of – AR activity, which are dictated by circadian 

clock core regulator ARNTL to drive tumor cell proliferation instead. Using ARNTL 

knockout experiments we could further enhance ENZ sensitivity in cell line and 

xenograft models, revealing an unexpected biological interplay between hormonal 

resistance and circadian rhythm regulation, and identifying a novel highly promising 

candidate drug target in the clinical management of primary high-risk PCa.
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Results

Neoadjuvant ENZ therapy for patients with high-risk localized prostate cancer

To study how early ENZ intervention affects prostate tumor biology in a non-castrate 

environment, we performed integrative multi-omics analyses as part of a single-arm, 

open-label phase 2 clinical trial: the DARANA study (Dynamics of Androgen Receptor 

Genomics and Transcriptomics After Neoadjuvant Androgen Ablation; ClinicalTrials.

gov number, NCT03297385). In this trial, 56 men with primary high-risk (Gleason score 

≥ 7) PCa were enrolled (Fig. 1A). Patient demographics and disease characteristics 

are summarized in Table 1, and clinical outcomes of this study are discussed in the 

Supplementary Data (Supplementary Fig. S1A-F; Supplementary Table S1). Prior to 

ENZ therapy, magnetic resonance imaging (MRI)-guided core needle tumor biopsies 

were taken – hereafter referred to as the pre-treatment setting. Subsequently, patients 

received neoadjuvant ENZ treatment (160  mg/day) without additional androgen 

deprivation therapy for three months, followed by robotic-assisted laparoscopic 

prostatectomy. Based on baseline MRI information and palpation, additional tumor-

targeted core needle biopsies were taken ex vivo – representing the post-treatment 

setting. This pre- and post-treatment sampling allowed us to study the epigenetic, 

genomic, transcriptomic and proteomic effects of neoadjuvant ENZ therapy in 

individual patients (Fig. 1A). We generated chromatin immunoprecipitation (ChIP-seq) 

profiles of the prostate cancer drivers AR and FOXA1, as well as the histone modification 

H3K27ac before and after ENZ treatment, and integrated these cistromic findings 

with pre- and post-treatment gene expression (RNA-seq), copy number (CNV-seq) and 

immunohistochemistry (IHC) data from the same tumors. Stringent quality control 

(QC) analyses were performed on all data streams (Supplementary Fig. S2), and the 

following number of samples passed all QC measures (Fig. 1B): AR ChIP-seq (pre: n = 10; 

post: n = 12), FOXA1 ChIP-seq (pre: n = 17; post: n = 17), H3K27ac ChIP-seq (pre: n = 24; 

post: n = 23), CNV-seq (pre: n = 24; post: n = 24), RNA-seq (pre: n = 42; post: n = 52) 

and IHC (post: n = 51).

Collectively, we performed integrative multi-omics analyses as part of a clinical trial that 

enabled us to examine ENZ-induced oncogenomic changes to identify early epigenetic 

steps in treatment response, but also therapy-induced resistance.
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Table 1: Characteristics of the DARANA cohort.

DARANA cohort (N = 56)

Age, years (95% CI) 67 (65-68)

Baseline PSA level, ng/mL (95% CI) 12.8 (10.4-15.2)

Baseline ISUP grade, n (%)

ISUP GG1 (GS 3+3) 0 (0)

ISUP GG2 (GS 3+4) 16 (28)

ISUP GG3 (GS 4+3) 9 (16)

ISUP GG4 (GS 4+4, 3+5, 5+3) 20 (36)

ISUP GG5 (GS 4+5, 5+4, 5+5) 11 (20)

T-stage (T), n (%) Pre (cT) Post (ypT)

T1 1 (2) 0 (0)

T2 25 (44) 20 (36)

T3 29 (52) 36 (64)

T4 1 (2) 0 (0)

Lymph node status (N), n (%) Pre (cN) Post (ypN)

N0 53 (95) 39 (70)

N1 3 (5) 17 (30)

Surgical margins, n (%)

Negative 39 (70)

Positive 17 (30)

Biochemical recurrence (BCR), n (%) 23 (41)

5-year BCR-free survival – % (95% CI) 38 (28-51)

Radiological recurrence (RR), n (%) 18 (32)

5-year RR-free survival – % (95% CI) 64 (50-82)

ADT salvage therapy (ADT), n (%) 15 (27)

5-year ADT-free survival – % (95% CI) 67 (53-85)

Distant metastasis (DM), n (%) 16 (28)

5-year DM-free survival – % (95% CI) 74 (61-91)

Mean time to last follow-up – months (95% CI) 51 (47-55)

NOTE: Table summarizing the patient baseline demographics, and pre- and post-treatment disease 

characteristics of the DARANA cohort. Shown are age (years), initial serum PSA levels (ng/mL) and 

International Society of Urological Pathology (ISUP) grade group (GG) at diagnosis [with associated 

Gleason scores (GS)]. In addition, T-stage (T) and Lymph node status (N) before (pre = at diagnosis) 

and after (post = at surgery) neoadjuvant ENZ therapy, as well as the surgical margin status of the 

prostatectomy specimens are shown. Pre-treatment measures are based on histological evaluation 

of biopsy material and radiographic evaluation (clinical grading; c), while post-treatment assessments 

are based on histological evaluations of prostatectomy specimens (pathological grading after 

neoadjuvant therapy; yp). Biochemical recurrence (BCR) was defined as a rise in PSA of ≥ 0.2 ng/

mL at two consecutive time points, radiological recurrence (RR) was defined as detection of local
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Table 1: Continued.

or distant metastases by PSMA PET scanning, ADT salvage therapy was defined as the onset of 

ADT, and distant metastases (DM) were defined as detection of distant metastases by PSMA PET 

scanning (M1a-c). 5-year recurrence-free survival (% of patients and 95% CI) and time to last follow-

up (months) are indicated. For continuous variables (age, baseline PSA, and time to last follow-up) 

the mean and 95% confidence interval (CI) are shown. For categorical variables (baseline ISUP GG, T 

stage, N status, surgical margins, BCR, RR, ADT, and DM) the number of patients (n) and percentages 

(%) are indicated.

Characterization of tissue ChIP-seq data

To assess how neoadjuvant ENZ treatment affects the cis-regulatory landscape in primary 

PCa, we generated human tumor ChIP-seq profiles for the transcription factors AR and 

FOXA1, along with the active enhancer/promoter histone mark H3K27ac before and after 

neoadjuvant intervention. ChIP-seq quality metrics are summarized in the Supplementary 

Data (Supplementary Fig. S3A-E; Supplementary Table S2). Visual inspection at known AR 

target genes showed high-quality data for all ChIP-factors in both clinical settings (Fig. 2A). 

On a genome-wide scale, the H3K27ac ChIP-seq profiles were highly distinct from the 

transcription factors (TFs) and divided the samples into two main clusters irrespective of 

their treatment status (Fig. 2B and 2C). Notably, AR and FOXA1 ChIP-seq datasets were 

intermingled in the clustering analysis, suggesting largely comparable binding profiles which 

is in line with FOXA1’s role as a canonical AR pioneer factor (Supplementary Fig. S4)5,30. 

As described previously31, highest Pearson correlation was found between H3K27ac 

samples, indicating comparable histone acetylation profiles among primary PCa samples 

(Fig. 2B; Supplementary Fig. S4). Much greater heterogeneity in chromatin binding was 

observed for the TFs AR and FOXA1, which is further supported by the steep decrease 

in the number of overlapping AR and FOXA1 peaks with increasing number of samples 

compared to H3K27ac (Fig. 2D; Supplementary Fig. S4). Heterogeneity was comparable 

when separately analyzing pre- versus post-treatment specimens, and in the same order of 

magnitude as compared to previous reports describing TF cistromics and epigenomics in 

clinical samples31,32 (Supplementary Fig. S5A and S5B) with comparable overlap of peaks for 

AR and FOXA1 (Supplementary Fig. S5C and S5D). In order to maintain the high-confidence 

peaks that have been reproducibly identified in multiple patients without losing too much 

binding site heterogeneity between samples, we decided to generate consensus peaksets. 

To this end, we only considered binding sites that were present in at least 3 out of 22 AR 

samples, 7 out of 34 FOXA1 samples and 13 out of 47 H3K27ac samples, which corresponds 

to ~25% of all binding sites identified for each factor (Fig. 2D). Genomic distribution 

analyses of these consensus sites revealed distinct enrichments for annotated genomic 

regions: While AR and FOXA1 were almost exclusively found at intronic and distal intergenic 

regions, H3K27ac peaks were also enriched at promoters (Fig. 2E), which is in line with 

previously published genomic distributions of AR5,31, FOXA15,9, and H3K27ac31,33. In addition, 
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motif enrichment analyses at AR and FOXA1 consensus peaks identified, as expected, 

androgen and Forkhead response elements among the top-ranked motifs, respectively 

(Fig. 2F). Analyses on correlations between factors (Fig. 2B-D), genomic distributions 

(Fig. 2E) and motif enrichment (Fig. 2F) were repeated for the pre-treatment samples 

exclusively, supporting the same conclusions (Supplementary Fig. S6A-E).

Figure 1: Clinical trial design and omics data sample collection. (A) Study design of the DARANA 

trial (NCT03297385). Multi-omics profiling, consisting of (I) Androgen Receptor (AR) ChIP-seq, (II) 

FOXA1 ChIP-seq, (III) H3K27ac ChIP-seq, (IV) DNA copy number sequencing (CNV-seq), (V) gene 

expression profiling (RNA-seq) and (VI) immunohistochemistry (IHC) analysis, was performed on 

MRI-guided biopsy samples prior to ENZ treatment (Pre) and tumor-target prostatectomy specimens 

after 3 months of neoadjuvant ENZ therapy (Post). (B) Overview of data availability and quality 

control analyses for each sample. Individual data streams are indicated separately with ChIP-seq for 

AR (red), FOXA1 (blue), H3K27ac (green), CNV-seq, RNA-seq and IHC (all black). The ENZ treatment 

status indicates the pre-treatment (top) and post-treatment samples (bottom) per omics dataset. 

Samples not passing QC (light gray) were successfully applied for focused raw data analyses. Blank 

spots for ChIP-seq or CNV-seq samples indicate that the fresh-frozen material didn’t pass the tumor 

cell percentage cutoff of ≥ 50%.
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Taken together, we generated multiple high-quality tissue ChIP-seq data streams that 

now allowed us to study ENZ-induced changes in primary PCa patients.

ENZ treatment enriches for newly acquired FOXA1-bound regulatory regions

To identify ENZ-induced TF reprogramming and epigenetic changes, we performed 

differential binding analyses comparing the pre- and post-treatment tissue ChIP-seq 

samples. Therefore, we first ran occupancy-based unsupervised principal component 

analyses (PCA) to detect whether ENZ treatment led to differences in TF chromatin 

binding. While the sample size of the AR ChIP-seq data stream was not sufficient 

to observe significant differences in peak occupancy pre- versus post-treatment 

(Supplementary Fig. S7A), the FOXA1 data did show such differences, with a clear 

separation of pre- and post-treatment FOXA1 samples in the second principal component 

(Fig. 3A). Subsequent supervised analysis (pre vs. post) revealed a total of 1,905 

genomic regions [475 pretreatment-enriched (pre-enriched), 1,430 posttreatment-

enriched (post-enriched); Supplementary Table S3] that showed significant differential 

FOXA1 binding between both clinical settings [false discovery rate (FDR) < 0.05; Fig. 

3B and 3C; Supplementary Fig. S7B-D]. Further characterization of these differential 

FOXA1 regions showed that both sets of binding sites were still preferentially located 

in intronic and distal intergenic regions (with a slight enrichment for promoters at 

the post-enriched sites; Supplementary Fig. S7E). In addition, Forkhead domain family 

motifs were the top enriched motifs at both pre- and post-enriched sites, illustrating 

that treatment does not alter FOXA1 motif preference and still occupies canonical 

FOXA1 binding sites (Supplementary Fig. S7F). To examine whether structural variations 

are underlying these differential FOXA1 binding events, we performed CNV-seq on the 

same tumor specimens and then projected onto the differential FOXA1 cistromics the 

structural copy-number data. These analyses revealed a comparable level of CNV at 

pre- and post-treatment enriched FOXA1 sites before and after ENZ treatment, with an 

overall trend toward less CNV upon treatment (Supplementary Fig. S8A-C). However, 

in none of the matched sample pairs (pre- and post-CNV-seq, and FOXA1 ChIP-seq; 

n =  15) a strong correlation between copy number difference and ChIP-seq signal 

difference was observed (R = 0.11; Supplementary Fig. S8D). In total, at only 44 out of 

1,905 differential FOXA1 binding sites (< 2.5%), we observed copy number differences 

between post- and pre-treatment samples that could potentially explain binding site 

occupancy in 3 or more patients, indicating that the vast majority of these differential 

binding events is based on treatment-induced transcription factor reprogramming, 

rather than structural variation (Supplementary Fig. S8E). 
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◀ Figure 2: Characterization of tissue ChIP-seq data streams. (A) Representative example snapshots 

of AR (red), FOXA1 (blue) and H3K27ac (green) ChIP-seq data for four genomic loci in one patient 

(DAR45). Pre- (light colors) and post-ENZ treatment (dark colors) is indicated. Y-axes indicate ChIP-

seq signal in fragments per kilobase per million reads mapped (FPKM). (B) Correlation heatmap based 

on peak occupancy. Clustering of the samples is based on all called peaks and represents Pearson 

correlations between individual ChIP-seq samples. The column color bars indicate the ChIP-seq factor 

(AR, FOXA1, H3K27ac) and treatment status (Pre, Post). (C) Principal component analysis (PCA) plot 

based on peak occupancy. Each dot represents a ChIP-seq sample that is colored per factor. (D) Elbow 

plot depicting the peak overlap between ChIP-seq samples per factor. Shown is the percentage of 

overlapping peaks with increasing number of samples. Consensus peaksets were designed by using 

a cutoff of peaks present in at least 3 AR, 7 FOXA1, or 13 H3K27ac samples. (E) Pie charts showing 

the genomic distribution of AR (left), FOXA1 (middle) and H3K27ac (right) consensus peaks. (F) Word 

clouds show motif enrichment at AR (left) and FOXA1 (right) consensus sites. The font size represents 

the z-score and colors correspond to transcription factor families.

As FOXA1 dictates AR chromatin binding capacity5, epigenetic plasticity of FOXA1 

induced by treatment may be associated with alterations in the AR cistrome. To 

assess this, and to explore the epigenetic landscape surrounding the differentially 

bound FOXA1 regions, we compared the ChIP-seq signal of all three factors (AR, FOXA1, 

H3K27ac) at differential (pre- / post-enriched) and consensus (shared by ≥ 30 patients; 

n = 338) FOXA1 sites before and after ENZ therapy. While the FOXA1 ChIP-seq signal 

was highest at consensus binding sites, the pre- and post-treatment enriched regions 

followed the expected trend and showed significantly higher signal in the corresponding 

settings (Fig. 3D). Notably, we also observed less binding of FOXA1 to consensus sites 

when treated with ENZ, although the differences are much milder compared to the 

effects seen at pre-enriched FOXA1 sites (P
adj

 = 3.62 x 10-22 at consensus vs. 3.76 x 10-

130 at pre-enriched sites, Mann-Whitney U test; Fig. 3D; Supplementary Fig. S9A). 

This could possibly be explained by decreased FOXA1 gene expression levels upon 

ENZ treatment (Supplementary Fig. S9B). The AR ChIP-seq signal followed the same 

patterns as observed for FOXA1, suggesting that relocated FOXA1 upon treatment 

functionally drives alterations in the AR cistrome (Fig. 3D). Unexpectedly, the pre-

enriched FOXA1 sites were completely devoid of any H3K27ac signal in both pre- and 

post-treatment samples, while the post-enriched counterparts were positive for this 

active enhancer/promoter mark with a significant increase post-ENZ (P
adj

 = 5.59 x 10-

4, Mann-Whitney U test; Fig. 3D; Supplementary Fig. S9C and S9D), suggesting that 

pre-ENZ FOXA1 sites are inactive. To validate these observations in an independent 

cohort, we analyzed previously published AR (n = 87), H3K27ac (n = 92) and H3K27me3 

(n = 76) ChIP-seq data from a cohort of 100 primary treatment-naïve PCa samples31. 

Supporting our previous analyses, the vast majority of post-enriched FOXA1 sites were 

H3K27ac-positive and their histone acetylation status positively correlated with AR 
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binding (R = 0.78) (Fig. 3E; Supplementary Fig. S9E). The pre-enriched FOXA1 sites, 

however, were again H3K27ac-negative, while the repressive histone modification 

H3K27me3 was present, which further points toward an inactive epigenetic state of 

these regulatory regions (Fig. 3E). 

Recently, we reported that prostate cancers can reactivate developmental programs 

during metastatic progression7. These sentinel enhancers appeared to be pre-marked 

by FOXA1 from prostate gland development, and albeit inactive in normal prostate 

and primary tumor specimens, the sites get reactivated by AR during metastatic 

outgrowth. Given the inactivity of the pre-enriched FOXA1 sites, we hypothesized 

that FOXA1 might be decommissioned at such developmental enhancers prior to 

hormonal intervention. To test this, we overlapped the differential FOXA1 binding 

sites with the metastasis-specific AR binding sites (met-ARBS; n =  17,655), which 

revealed a strong enrichment for these developmental regulatory elements at pre-

treatment FOXA1 sites (P = 2.13 x 10-16, Fisher exact test; Supplementary Fig. S9F). But 

are the inactive pre-enriched FOXA1 sites solely epigenetically suppressed, or are 

these regions intrinsically incapable of being active in this cellular context? To address 

this question and to further elucidate the role of AR at these differentially bound 

FOXA1 sites, we integrated our tissue ChIP-seq findings with previously identified 

tumor-specific AR binding sites5 (n = 3,230) that were functionally characterized 

using Self-Transcribing Active Regulatory Regions sequencing (STARR-seq), a massive 

parallel reporter assay to systematically annotate intrinsic enhancer activity34. With 

this, three distinct classes of AR binding sites (ARBS) were identified (Supplementary 

Table S4): enhancers that were active regardless of AR stimulation (constitutively 

active; n = 465), ARBS with no significant enhancer activity (inactive; n = 2,479) and 

inducible AR enhancers that increase activity upon androgen treatment (inducible; 

n = 286). Interestingly, we found that post-treatment FOXA1 sites were enriched for 

constitutively active ARBS, which further supports the high enhancer activity and 

H3K27ac positivity observed at these sites, but also illustrates that this activity is 

constitutive and AR-independent (Fig. 3F). Consistent with our postulated inactivity of 

the pre-treatment enriched FOXA1 sites, these regions overlapped highly significantly 

with inactive ARBS (P = 8.60 x 10-9, Fisher exact test), which implies that these DNA 

elements are intrinsically inactive and incapable to act as functional enhancers, and 

possibly explains why these AR-bound sites did not show active regulatory marks 

(Fig. 3E and 3F). As no enrichment of our differential FOXA1 sites was observed 

with inducible ARBS (pre-enriched: 4/475; post-enriched: 2/1,430), these data further 

support a conclusion that AR itself is not a driver at FOXA1 sites that are differentially 

occupied after ENZ exposure in patients.
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Overall, these results suggest that prior to hormonal intervention, FOXA1 is decommissioned 

at inactive developmental enhancer elements, which based on their primary DNA 

sequence are intrinsically incapable of being active – at least in the tested hormone-

sensitive disease setting. However, upon ENZ treatment, FOXA1 gets reprogrammed to 

highly active cis-regulatory regions, which act in an AR-independent manner.

Transcriptional rewiring upon neoadjuvant ENZ

Having assessed the cistromic and epigenomic changes in response to neoadjuvant 

ENZ, we next determined how transcriptional programs were affected by this hormonal 

intervention. Principal component analysis (PCA) across both treatment states revealed 

that three months of ENZ therapy has a major effect on global gene expression profiles 

(Fig. 4A). Subsequently, we performed differential gene expression analysis, in which 

we compared pre- and post-treatment RNA-seq samples. Gene set enrichment analysis 

(GSEA) showed that AR signaling, along with mitosis and MYC signals, was strongly 

decreased upon treatment (Fig. 4B and 4C; Supplementary Fig. S10A). Since ENZ blocks 

the AR signaling axis, we analyzed the androgen-response pathway in more detail, which 

revealed a strong downregulation of AR target genes in almost every patient (Fig. 4D). 

In contrast to this, TNFa signaling, IFN-g response and epithelial-mesenchymal transition 

(EMT) signals were most upregulated (Fig. 4B; Supplementary Fig. S10B).

Previously, we identified three distinct subtypes of primary treatment-naïve PCa31, which 

we named Cluster 1-3 (Cl1-3). While Cl1 and Cl2 were mainly dominated by their ERG fusion 

status – with Cl1 expressing high ERG levels (ERG fusion-positive) and Cl2 expressing 

low ERG levels (ERG fusion-negative) – Cl3 was enriched for neuroendocrine (NE)-like 

features, including low AR activity and a high NE gene expression score. To assess the 

impact of neoadjuvant ENZ therapy on these PCa subtypes, we performed unsupervised 

hierarchical clustering in the pre- and post-treatment setting using the originally identified 

top 100 most differentially expressed genes per cluster. Prior to hormonal intervention, 

we could robustly assign the samples into all three clusters (Cl1: n = 23, Cl2: n = 11, Cl3: 

n = 8) with highly comparable distributions as we previously reported in another cohort 

of patients 31 (Supplementary Fig. S11A). Our pre- and post-treatment sampling now 

allowed us to investigate how individual tumors were affected by neoadjuvant therapy. 

This revealed that three months of ENZ therapy pushed almost all of the tumors toward 

our NE-like cluster 3 (Fig. 4E; Supplementary Fig. S11B). To assure that the observed 

effects are not solely driven by the treatment-induced reduction in AR activity (Fig. 4C 

and 4D), we used a well-established neuroendocrine PCa (NEPC) signature35 to calculate 

gene expression fold changes pre- vs. post-ENZ, which confirmed an induction of NE-like 

signaling upon treatment (Fig. 4F). We further validated this transcriptional rewiring 

using gene sets that distinguish the three major lineages of prostate epithelial cells 
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(luminal, basal, neuroendocrine)36,37, which jointly illustrated reduced AR-driven luminal 

cell transcriptional activity accompanied by an enrichment of NE-like features along 

with a basal-type transcriptional program after treatment (Supplementary Fig. S12A). 

Along these lines, classical NEPC markers38 and transcriptional disease drivers39-41 were 

selectively upregulated upon treatment (CHGA, PEG10) with acquisition of promoter-

enriched H3K27ac (Supplementary Fig. S12B-D), while others were not affected on 

expression level (SYP, N-MYC) or not even expressed in primary tumors – irrespective 

of neoadjuvant treatment status (BRN2, encoded by the POU3F2 gene). For classical 

NEPC IHC markers chromogranin A (CHGA) and synaptophysin (SYP), tissue microarrays 

(TMAs) were stained and analyzed, showing no change (SYP) or a modest non-significant 

increase (CHGA) upon neoadjuvant ENZ treatment (Supplementary Fig. S12E). 

Recently, N-MYC ChIP-seq data was reported in models of NEPC40, which however showed 

limited overlap with our post-treatment FOXA1 cistrome (Supplementary Fig. S12F). While 

a subset of NEPC markers was enriched on RNA-seq level, FOXA1 reprogramming did not 

seem to be a crucial driver in this phenomenon, based on limited overlap of our differential 

FOXA1 cistromes with a recently reported NEPC FOXA1 cistrome42 (Supplementary Fig. 

S13A), nor was FOXA1 ChIP-seq in our study enriched for classical NEPC signature genes 

(Supplementary Fig. S13B). Jointly, these data suggest that altered FOXA1 cistromics after 

neoadjuvant ENZ treatment present a different biological state as compared to the fully 

developed NEPC-associated FOXA1 cistrome that presents in the advanced disease stage 

and may represent an early intermediate state. 

Figure 3: Differential FOXA1 binding upon ENZ treatment. (A) Principal component analysis (PCA) 

plot based on peak occupancy of FOXA1 ChIP-seq data. Color indicates pre-treatment (light blue) 

and post-treatment (dark blue) FOXA1 samples. (B) Coverage heatmap depicting differential FOXA1 

binding sites, selectively enriched in the pre-treatment (n = 475) or post-treatment (n = 1,430) setting. 

(C) Representative example snapshots of FOXA1 ChIP-seq signal at two pre-enriched (left) and two 

post-enriched (right) FOXA1 sites in one patient (DAR45). Pre- (light blue) and post-ENZ treatment 

(dark blue) is indicated. Y-axes indicate ChIP-seq signal in fragments per kilobase per million reads 

mapped (FPKM). (D) Boxplots indicating ChIP-seq signal (z-scaled readcounts) at pre-enriched 

(n = 475), post-enriched (n = 1,430) and consensus FOXA1 peaks (shared by ≥ 30 patients; n = 338) 

for FOXA1 (blue), AR (red), and H3K27ac (green) ChIP-seq datasets before (Pre; light colors) and after 

(Post; dark colors) ENZ treatment. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (Mann-Whitney U test 

adjusted for multiple testing using FDR). (E) Coverage heatmap showing occupancy of differential 

(pre-/post-enriched) and consensus FOXA1 peaks in an external ChIP-seq dataset consisting of 100 

untreated primary tumors31. Heatmap color indicates region read counts (z-score) at pre-enriched, 

post-enriched and consensus FOXA1 sites (rows) in the AR (red), H3K27ac (green) and H3K27me3 

(gray) ChIP-seq data streams (columns). (F) Bar chart representing the overlap between differential 

FOXA1 sites (pre-enriched or post-enriched) and constitutively active (left) or inactive (right) AR 

binding sites (ARBS), based on STARR-seq. *, P < 0.05; ****, P < 0.0001 (Fisher exact test). ▶
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FOXA1 is frequently mutated in primary prostate cancer14 and metastatic disease17,18, 

where FOXA1 mutations were associated with loss of lineage-specific transcriptional 

programs and worse clinical outcome. Therefore, we determined the FOXA1 mutation 

status of our clinical samples using H3K27ac ChIP-seq and RNA-seq reads covering the 
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FOXA1 gene43, and tested for possible enrichment for poor clinical outcome and NE-like 

gene expression features specifically in the FOXA1 mutant cases. While we observed a 

significant enrichment of FOXA1 mutant tumors among ENZ non-responders (BCR ≤ 6 

months after surgery), no such enrichment was observed at the transcriptomic level, 

likely affected by the almost-complete transition of all our tumor samples toward the 

NE-like cluster 3 – irrespective of FOXA1 mutation status (Supplementary Fig. S13C-F). 

Collectively, these results demonstrate that three months of neoadjuvant ENZ therapy 

not only uniformly diminish AR signaling, but also push practically all of our primary 

PCa samples to acquire some – but not all – features of NEPC, independently of their 

original subtype.

Figure 4: Neoadjuvant ENZ deactivates AR signaling and induces neuroendocrine (NE)-like gene 

expression signatures. (A) Principal component analysis (PCA) plot based on gene expression data. 

Color indicates pre-treatment (gray) and post-treatment (black) samples. Ellipses are based on the 

80% confidence interval. (B) Gene set enrichment analyses (GSEA) for Hallmark gene sets. Shown 

are the top differentially enriched pathways upon ENZ treatment. Y-axis indicates the normalized 

enrichment score (NES). (C) Enrichment plot of the Hallmark Androgen Response pathway. Genes are 

ranked by differential expression upon ENZ treatment based on patient RNA-seq data (post vs. pre). 

Y-axis indicates enrichment score (ES). GSEA statistics (FDR, ES, NES, nominal P-value) are indicated. 

(D) Unsupervised hierarchical clustering of pre- and post-treatment RNA-seq samples based on the 

expression of AR-responsive genes. Color scale indicates gene expression (z-score). (E) River plot 

showing state transitions between Clusters 1 (dark blue), Cluster 2 (green) and Cluster 3 (light blue) for 

paired pre-treatment and post-treatment RNA-seq samples (n = 39). Number of samples assigned to 

each cluster before and after treatment as well as the hallmarks per cluster are indicated. (F) Waterfall 

plot depicting the Pearson correlation of neuroendocrine gene expression signature fold changes upon 

ENZ treatment per patient. Colors indicate the patients cluster affiliations after treatment. ▶
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Post-treatment FOXA1 sites drive prosurvival gene programs, dictated by the 

circadian clock component ARNTL

Having examined the global cistromic and transcriptomic changes upon ENZ therapy, 

we next sought to characterize the biological consequences of the observed FOXA1 

reprogramming using integrative analyses. We hypothesized that the newly acquired 

FOXA1 sites would be driving expression of genes associated with tumor cell survival 

programs. Using H3K27ac HiChIP data generated in LNCaP cells44, pre- and post-treatment 

FOXA1 sites were coupled to their corresponding gene promoters (Supplementary Table 

S5). Subsequently, genome-wide CRISPR knockout screen data from Project Achilles 

(DepMap 20Q1 Public; VCaP) were used to identify those genes essential for prostate 

cancer cell proliferation45,46. While genes associated with pre-treatment FOXA1 sites 

were not enriched for essential genes (gene effect score < -1), genes under the control 

of post-treatment FOXA1 sites showed a significant enrichment (P = 8.66 x 10-8, Fisher 

exact test) for critical drivers of tumor cell proliferation (Fig. 5A), pointing toward a 

possible role of these sites in maintaining proliferative potential upon ENZ treatment. 

However, the factor regulating these genes to possibly drive proliferation remained 

elusive, especially since based on our STARR-seq and RNA-seq data, AR is likely not 

driving enhancer activity at post-treatment FOXA1 sites (Fig. 3F; Fig. 4C and 4D). 

Therefore, we sought to identify transcription factors involved in the activation of 

these regulatory regions that are selectively occupied by FOXA1 following treatment. 

To this end, we overlaid the genomic coordinates of the post-treatment enriched FOXA1 

binding sites with those identified in publicly available ChIP-seq datasets (n = 13,976) as 

part of the Cistrome Data Browser transcription factor ChIP-seq sample collection47,48. 

Besides FOXA1 and AR, which were expected to bind at these regions (Fig. 3D), we 

also identified the glucocorticoid receptor (encoded by the NR3C1 gene), which has 

previously been described to be upregulated upon antiandrogen treatment and able 

to drive the expression of a subset of AR-responsive genes, conferring resistance to AR 

blockade49-51. Unexpectedly, the second most enriched transcription factor after FOXA1 

was circadian rhythm core component ARNTL (Aryl Hydrocarbon Receptor Nuclear 

Translocator Like; also known as BMAL1) which has not previously been implicated in 

PCa biology (Fig. 5B). Interestingly, ARNTL transcript levels were upregulated upon 

ENZ treatment (P = 6.4 x 10-3, Mann-Whitney U test; Fig. 5C), which was accompanied 

by increased H3K27ac ChIP-seq signals at the ARNTL locus (Supplementary Fig. S14A). 

Consistent with this, TMA IHC analysis also revealed elevated ARNTL protein levels 

after treatment when comparing the prostatectomy specimens post-ENZ with those of 

matched untreated control patients (P = 6.89 x 10-19, Fisher exact test; Fig. 5D). To assess 

whether ARNTL levels are also associated with patient outcome, we compared the 

average ARNTL gene expression of patients that did not experience a BCR (responders, 

n = 29) with those that experienced an early BCR within ≤ 6 months post-surgery 
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(non-responders, n = 8; Supplementary Table S1). While pre-treatment ARNTL levels 

were not significantly different between ENZ responders and non-responders, high 

ARNTL levels after treatment were associated with poor clinical outcome (P = 4.79 x 10-

3, Mann-Whitney U test; Fig. 5E). In agreement with this observation, ARNTL levels were 

exclusively found upregulated in non-responders (P = 3 x 10-4, paired Mann-Whitney U 

test), while overall remaining unaffected upon neoadjuvant ENZ treatment in responders 

(P = 0.33; Supplementary Fig. S14B). Interestingly, while the CLOCK and NPAS2 proteins, 

which form a heterodimer with ARNTL to activate transcription of core clock genes, 

didn’t show differential gene expression upon ENZ treatment (Supplementary Fig. 

S14C), all downstream ARNTL targets were upregulated upon treatment – except for 

CRY1, which has recently been shown to be AR- and thus ENZ-responsive52. In addition, 

the gene expression of these ARNTL dimerization partners was also not associated 

with clinical outcome (Supplementary Fig. S14D), hinting toward a treatment-induced 

role of ARNTL that is independent of its canonical function in the circadian machinery. 

Notably, in two cohorts of metastatic castration-resistant PCa (mCRPC)53,54, ARNTL 

expression was not associated with outcome (Supplementary Fig. S15A-D), suggesting 

a context-dependent prognostic potential of this gene – being associated with outcome 

in high-risk primary PCa upon treatment with ENZ.

Taken together, these data suggest that the circadian clock regulator ARNTL may be 

functionally involved in ENZ resistance in high-risk primary PCa by driving tumor cell 

proliferation processes.

Acquired ARNTL dependency in ENZ-resistant prostate cancer cells

To further investigate the relevance of ARNTL as a transcriptional driver at post-

treatment FOXA1 sites, we performed in vitro validation experiments. To this end, we 

used hormone-sensitive LNCaP PCa cells, which we either cultured in full medium alone 

(PreLNCaP) or with ENZ for 48 hours (PostLNCaP), mimicking our clinical trial setting (Fig. 

6A). Based on the ENZ-induced acquisition of NE-like gene expression profiles in our 

patient cohort (Fig. 4E and 4F), we also included the ENZ-resistant LNCaP-42D model 

that possesses NE-features41 (ResLNCaP-42D; Fig. 6A), allowing us to further validate our 

patient-derived findings in cell lines recapitulating the transcriptional features of post-

treatment clinical specimens. 
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We performed FOXA1 ChIP-seq experiments in all three cell line conditions 

(Supplementary Fig. S16A-D; Supplementary Table S6), which revealed highly similar 

FOXA1 chromatin binding dynamics as observed in our clinical samples: While the 

pre-enriched FOXA1 sites identified in vivo showed less binding upon treatment, we 

observed that merely 48 hours of ENZ exposure was sufficient to strongly induce 

binding at post-enriched sites, which was further increased in the long-term exposed, 

treatment-resistant LNCaP-42D cell line (Supplementary Fig. S16E and S16F). Similarly, 

genome-wide correlation analyses indicated that short-term ENZ treatment in cell lines 

induced FOXA1 reprogramming to regions that are FOXA1-bound in treatment-resistant 

but not in treatment-naïve cells (Supplementary Fig. S16G and S16H).
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◀ Figure 5: Acquired FOXA1 sites drive key-survival genes that are under control of circadian rhythm 

regulator ARNTL. (A) Boxplot showing DepMap (20Q1) genome-wide loss-of-function CRISPR screen 

data for VCaP PCa cells, separately analyzing the gene effect score of genes associated with post-

enriched FOXA1 sites (top), pre-enriched FOXA1 sites (middle) or all other tested genes (bottom). 

Differential FOXA1 binding sites were coupled to their respective target genes using H3K27ac HiChIP 

data. Indicated as controls are PCa-relevant driver genes: oncogenes MYC, FOXA1, AR, TP53 and 

tumor suppressor PTEN. The recommended stringent gene effect score cutoff of -1 is shown (dotted 

vertical line) and all genes passing the essentiality threshold are highlighted in light blue. ns, P > 0.05; 

****, P < 0.0001 (Fisher exact test). (B) Dot plot representing ranked GIGGLE similarity scores for 

transcriptional regulators identified at post-treatment FOXA1 sites. The top 20 identified factors are 

shown, and the 5 most enriched factors are labelled. (C) Boxplot showing normalized ARNTL gene 

expression before and after 3 months of neoadjuvant ENZ treatment. **, P < 0.01 (Mann-Whitney U test). 

(D) Representative ARNTL immunohistochemistry (IHC) stainings (left) and quantification of ARNTL 

staining intensity (right) in tissue microarrays consisting of prostatectomy specimens from untreated 

patients (not receiving neoadjuvant ENZ; n = 110) and DARANA patients post-ENZ (n = 51). Scale bars, 

100 µm. ****, P < 0.0001 (Fisher exact test). (E) Boxplots depicting normalized ARNTL gene expression 

in ENZ non-responders (BCR ≤ 6 months; n = 8) and responders (no BCR; n = 29) in the pre- (left) and 

post- (right) treatment setting separately. ns, P > 0.05; **, P < 0.01 (Mann-Whitney U test).

Having shown that differential FOXA1 chromatin binding in tumors could be recapitulated 

in vitro, we next sought to further assess the role of ARNTL in these pre-clinical models. 

Therefore, we first measured the intrinsic enhancer activity of our patient-derived 

and cell line-validated differential FOXA1 binding sites by STARR-seq for 1,209/1,905 

differential regions in LNCaP cells. Notably, we identified a subset of regions (n = 968) with 

sustained enhancer activity upon ENZ treatment (Supplementary Fig. S17A), confirming 

our initial STARR-seq analysis (Fig. 3F). While GIGGLE analyses on the inactive regions 

showed enrichment for FOXA1 and AR, active enhancers – irrespective of treatment 

– were specifically enriched for ARNTL (Supplementary Fig. S17B and S17C). These 

data are in full concordance with the tumor H3K27ac ChIP-seq (Fig. 3D) analyses, 

showing AR-independent activity at the post-treatment enriched FOXA1 sites, and 

uncovered once more ARNTL as a possible driver for transcriptional activity in case 

of AR suppression.

Next, we confirmed that treatment with ENZ increased ARNTL protein levels in 

PCa models (Supplementary Fig. S18A), recapitulating the clinical observations 

(Fig.  5C  and  5D). Interestingly, this treatment-induced ARNTL upregulation 

appeared to be FOXA1-dependent, as FOXA1 knockdown abolished the ENZ-driven 

increase in ARNTL levels (Supplementary Fig. S18B). Since cistromic ARNTL profiling 

has to date not been reported in PCa models, we generated ARNTL ChIP-seq data 

(Supplementary Fig. S19A-C) to validate its binding at post-treatment FOXA1 sites. 
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Interestingly, while we already observed ARNTL binding to these regulatory regions 

in the pre-treatment setting, this was strongly enhanced upon ENZ exposure 

(Fig. 6B; Supplementary Fig. S19D-F).

Functional interactions between FOXA1 and ARNTL could be further validated using 

ARNTL RIME experiments in ENZ-treated LNCaP-42D and LNCaP cells, confirming 

interactions of ARNTL with AR and FOXA1, but also with other classical circadian rhythm 

components including CLOCK/NPAS2, CRYs (CRY1, CRY2), and PERs (PER1, PER2, 

PER3; Fig. 6C; Supplementary Fig. S20A). As FOXA1 acts as a pioneer factor, enabling 

chromatin binding for other TFs including AR9, we hypothesized that FOXA1 serves a 

comparable role for ARNTL. To test this hypothesis, we performed ARNTL ChIP-seq 

upon FOXA1 knockdown (Fig. 6D; Supplementary Fig. S20B-E), showing a significant 

decrease of ARNTL chromatin interactions exclusively for those regions co-occupied 

by FOXA1 – highlighting FOXA1’s critical role in determining ARNTL chromatin binding.

In agreement, at ARNTL consensus peaks, motifs were found to be enriched for CLOCK 

and MYC, but also FOXA1 and ARNTL itself (Fig. 6E). To identify functional differences in 

ARNTL cistromes induced upon treatment, we overlapped the ARNTL peaks identified in 

all tested cell line conditions, which revealed a massive cistromic reprogramming upon 

ENZ treatment (Fig. 6F; Supplementary Fig. S19E and S19F). Notably, ~70% of ENZ-

gained ARNTL peaks (n = 1,752) in LNCaP cells were captured by the ARNTL cistrome in 

treatment-resistant cells. Interestingly, upon ENZ treatment ARNTL binding was found 

to be enriched at promoter regions of key NEPC drivers, including BRN2 (POU3F2), 

FOXA2, EZH2, ASCL1 and SOX2 (Supplementary Fig. S21A), positioning ARNTL as a 

possible driver of the NE-like transcriptional program we identified. In addition, pathway 

over-representation analyses of genes coupled to PostLNCaP-ResLNCaP-42D-shared ARNTL 

binding sites revealed a treatment-induced enrichment for gene sets implicated in cell 

cycle progression and cell division, further supporting a possible functional involvement 

of ARNTL in sustaining tumor cell proliferation when AR is blocked by ENZ (Fig. 6F). 

To challenge this hypothesis, we assessed whether ARNTL-knockdown affects the 

viability of hormone-sensitive and in particular of long-term ENZ-exposed cell lines. 

While ARNTL-targeting had minimal effect on LNCaP cell proliferation (with or without 

ENZ), ARNTL knockdown significantly suppressed cell growth of ENZ-resistant LNCaP-

42D cells in the absence (P = 0.031, two-way ANOVA) and even more so in the presence 

of ENZ (P = 7 x 10-4, two-way ANOVA), indicating that targeting ARNTL also partially 

restores ENZ-sensitivity in this treatment-resistant cell line model (Fig. 6G). While 

ARNTL was essential for sustaining cellular fitness upon ENZ treatment, exogenously 

introduced ARNTL did not suffice to further enhance cell proliferation when exposing 

LNCaP and LCNaP-42D cells to ENZ (Supplementary Fig. S21B), suggesting that ARNTL 
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is required but not sufficient to drive the observed phenotype. Importantly, we could 

successfully validate the functional role of ARNTL in additional cell line models of ENZ 

resistance (LNCaP-ResV, originally referred to as LNCaP-EnzR55; and LNCaP-ResA56) 

using ARNTL knockdown and CRISPR/Cas9-mediated ARNTL knockout (Supplementary 

Fig. S21C-E). In line with these in vitro validation experiments, ARNTL knockout also 

strongly inhibited the growth of LNCaP-derived ENZ-resistant xenografts (LNCaP-42D, 

LNCaP-ResA) in intact mice upon ENZ exposure (Fig. 6H; Supplementary Fig. S21F). 

Importantly, parental LNCaP cells were not affected in their proliferation potential by 

ARNTL knockout (Supplementary Fig. S21F), supporting the acquired dependency of 

ENZ-resistant cells on this circadian factor, instead of a general impact on cellular fitness. 

Jointly, these data further highlight the treatment-induced ARNTL dependency of high-

risk PCa models, both in vitro and in vivo, and position ARNTL as a novel candidate 

therapeutic target.

Glucocorticoid Receptor (GR) was identified in the GIGGLE analysis as the third-most 

enriched factor at post-treatment FOXA1 sites, directly following ARNTL and FOXA1 

itself (Fig. 5B). Given the known GR function in driving ENZ resistance in advanced 

CRPC49,57,58, we next tested whether sustained tumor cell survival after short-term 

antiandrogen treatment was not only ARNTL, but also GR-dependent. Interestingly, 

GR (encoded by the NR3C1 gene) expression was upregulated upon neoadjuvant ENZ 

treatment in primary PCa patients (Supplementary Fig. S22A), but neither expression 

levels before nor after therapy were associated with clinical outcome (Supplementary 

Fig. S22B). Using publicly available GR ChIP-seq data from LNCaP-derived GR-positive 

LREX’ cells49, we could identify GR occupancy at the majority of pre-treatment FOXA1 

sites and at a subset of post-treatment sites (Supplementary Fig. S22C and S22D). 

However, GR knockdown did not affect cellular fitness after short-term ENZ treatment 

in the majority of cell line models we tested (Supplementary Fig. S22E), suggesting 

the observed ARNTL-driven early adaptation to ENZ exposure represents a different 

biological entity as compared to the known GR-driven treatment resistance described 

in CRPC.

Overall, these data confirm the ENZ-induced FOXA1 reprogramming as observed in PCa 

patients upon neoadjuvant antiandrogen therapy and revealed an acquired dependency 

on circadian rhythm regulator ARNTL to drive tumor cell growth – positioning ARNTL 

as a highly promising new drug target in combination with ENZ for the treatment of 

high-risk PCa.
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◀ Figure 6: Treatment-induced dependency on ARNTL in ENZ-resistant PCa cells. (A) Experimental 

setup for in vitro validation experiments. (B) Tornado plots (left) and average density plot (right) 

visualizing ARNTL ChIP-seq signal [in fragments per kilobase per million reads mapped (FPKM)] at 

post-enriched FOXA1 binding sites in untreated (PreLNCaP), short-term ENZ-treated (PostLNCaP), and 

ENZ-resistant NE-like LNCaP cells (ResLNCaP-42D). Data are centered at post-treatment FOXA1 peaks 

depicting a 5-kb (heatmaps) or 1-kb (density plots) window around the peak center. Heatmap color 

depicts the ChIP-seq signal compared to the untreated condition (PreLNCaP), with blue indicating lower 

peak intensity and orange indicating higher peak intensity. (n = 2). (C) Volcano plot depicting ARNTL 

interactors in ENZ-treated LNCaP-42D (ResLNCaP-42D) cells over IgG control. Significantly enriched 

interactors are highlighted and significance cutoffs are shown as dotted lines [label-free quantification 

(LFQ) difference ≥ 1.8; P ≤ 0.05; n = 4]. (D) Stacked bar chart (top) indicating the fraction of ARNTL 

binding sites in ENZ-treated LNCaP-42D (ResLNCaP-42D) cells that are ARNTL unique (n = 3,309) or 

shared with FOXA1 (n = 3,732). Tornado plots (lower left) and average density plot (lower right) 

visualize ARNTL ChIP-seq signal (in FPKM) at ARNTL unique or ARNTL-FOXA1 shared binding sites 

in LNCaP-42D cells upon transfection with non-targeting siRNA (siNT) or siFOXA1. Data are centered 

at ARNTL peaks depicting a 5-kb (heatmaps) or 1-kb (density plots) window around the peak center. 

(n = 2). (E) Word cloud shows motif enrichment at ARNTL consensus sites (n = 1,515) shown in (F). 

The font size represents the z-score and colors correspond to transcription factor families. Since the 

human ARNTL motif is not part of the tested database, the homologous mouse motif (Arntl) was 

included. (F) Venn diagram (top) indicating the overlap of ARNTL binding sites in all tested cell line 

conditions (PreLNCaP, PostLNCaP, ResLNCaP-42D). For each condition, only peaks present in both replicates 

were included. Gene ontology terms for ARNTL-bound gene sets uniquely shared between PostLNCaP 

and ResLNCaP-42D conditions are presented below. Overlapping ARNTL binding sites (n = 1,752) were 

coupled to their respective target genes using H3K27ac HiChIP data. Color indicates the gene set 

enrichment (FDR q-value) and size depicts the number of genes that overlap with the indicated gene 

sets. Cell cycle-related gene ontology terms are highlighted. (G) Bar chart (top) showing relative 

cell viability of LNCaP (left) and LNCaP-42D (right) cells upon transfection with non-targeting siRNA 

(siNT) or siARNTL, and exposure to ENZ. Treatment is indicated and data is shown relative to the 

untreated (– ENZ) siNT condition per cell line (n = 3). Western blots (bottom) indicate ARNTL protein 

levels in LNCaP (left) and LNCaP-42D (right) cells following siRNA-mediated silencing of ARNTL for 

48 hours. Transfection with siNT and staining for ACTIN are included as controls for siRNA treatment 

and protein loading, respectively. Images are representative of three independent experiments. ns, 

P > 0.05; *, P < 0.05; ***, P < 0.001 (two-way ANOVA followed by Tukey multiple comparisons test). 

(H) Growth curves depict tumor volume (measured 3 times per week using calipers) of non-targeting 

control (sgNT) or ARNTL knockout (sgARNTL) LNCaP-42D xenografts upon daily treatment with 

vehicle-alone (sgNT +Veh: n = 4; sgARNTL +Veh: n = 3) or ENZ (sgNT +ENZ: n = 4; sgARNTL +ENZ: 

n = 2). ns, P > 0.05; *, P < 0.05 (t test).
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Discussion

In medicine, the evolutionary selection pressure as imposed by drug treatment has been 

a well-known clinical challenge, ever since the first antibiotics were discovered in the early 

20th century. Also in oncology, clear escape mechanisms for both targeted therapeutics 

and systemic treatments are known for many years, involving ESR1 mutations in metastatic 

breast cancer59, EGFR mutations in lung cancer60, KRAS mutations in metastatic colorectal 

cancer61, but also somatic amplification of the AR locus and/or an upstream AR enhancer 

in castration-resistant PCa62,63. Apart from genetic alterations, also epigenetic rewiring7,50 

or transdifferentiation are reported as mechanisms of resistance, including treatment-

emergent neuroendocrine (NE) prostate cancers that occur as an adaptive response under 

the pressure of prolonged AR-targeted therapy64,65. 

Our unique clinical trial design with paired pre- and post-treatment biopsies of high-

risk primary PCa treated with ENZ monotherapy, allowed us to unravel global ENZ-

induced alterations in gene regulation. We report that large-scale treatment-induced 

dedifferentiation in PCa may be a gradual process, of which the early signs are identified 

on transcriptomic level within the first months of treatment onset. While complete 

adenocarcinoma-to-neuroendocrine transdifferentiation was not observed in any of our 

samples, cellular plasticity characterized by the acquisition of cistromic, transcriptomic 

and proteomic features of NE disease may not only be present in primary tumors prior to 

treatment31, but also become enriched upon short-term exposure to endocrine treatment, 

and thus represent an early intermediate disease state.

In PCa development5,32 and progression7, AR has been reported to expose substantial 

plasticity in its enhancer repertoire, and we now illustrate this is also the case in primary 

disease upon short-term treatment. Besides AR, FOXA1 is considered a master transcription 

factor and critical prostate lineage specific regulator acting in PCa, that upon overexpression 

during tumorigenesis gives rise to a tumor-specific AR cistrome. Also in NEPC, FOXA1 

cistromes are reprogrammed42, which indicates a direct AR-independent role of FOXA1 in 

PCa progression. Our study confirms these observations and shows that, while co-occupied 

by AR, the pre- and post-ENZ enriched FOXA1 sites appeared indifferent to AR signaling. 

The functional implications of the pre-treatment FOXA1 sites remain unclear, as those 

regions were inactive, both in primary tissues as well as in reporter assays. A subset of 

these cis-regulatory elements demarcates developmental epigenomic programs, that 

we previously reported as being occupied by FOXA1 from prostate development to 

tumorigenesis and metastatic progression7, whereas others may be relevant for different 

physiological processes.
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The treatment-induced cistromic repositioning of pioneer factor FOXA1 initiated 

a thus far unknown transcriptional rewiring, in which ARNTL, a classical circadian 

rhythm regulator and dimerization partner of CLOCK, compensates for AR inhibition 

and becomes essential to rescue cellular proliferation signals. Recently, it has been 

reported that CRY1 – a transcriptional coregulator of ARNTL – is AR-regulated in PCa, 

and modulates DNA repair processes in a circadian manner52. The current data illustrate 

that certain components of the circadian machinery may have a potential impact on 

drug response, as most clock components are not only temporally regulated at the 

transcriptional level, but are also dysregulated upon exposure to hormonal therapy. 

Our data now show that AR blockade forces tumor cells to adapt epigenetically, upon 

which these cells – over time – become dependent on ARNTL as a transcriptional 

regulator of proliferation processes. This acquired cellular vulnerability appears to be 

dependent on whether or not AR activity is inhibited and cells have had time to achieve 

full epigenetic reprogramming, explaining the limited effect of ARNTL knockdown in 

hormone-sensitive PCa cells, as compared to the long-term ENZ-exposed treatment-

resistant models.

ARNTL expression did not correlate with outcome in mCRPC patients. Furthermore, 

post-treatment induced FOXA1 profiles showed limited overlap with NEPC-FOXA1 sites, 

and GR action – previously reported as a driver in CRPC – did not play a decisive role 

in our datasets to sustain cellular fitness following short-term enzalutamide exposure. 

Jointly, these data position the clinical state as induced by short-term neoadjuvant 

AR-targeted therapy in primary PCa as a separate biological entity, exposing already 

in this early clinical stage some – but not all – features of progressive therapy-resistant 

disease, that are invoked by drug-induced epigenetic plasticity. 

With the identification of ARNTL as a rescue mechanism for tumor cells to evade AR 

blockade, the next question presents whether ARNTL could serve as a novel therapeutic 

target, which should be further pursued in future drug development and clinical 

research. Being critically relevant for circadian rhythm regulation, it would be imperative 

to balance ARNTL targeting in relation to any adverse side-effects. Additionally, we 

demonstrate that the surprisingly dynamic enhancer repertoire of FOXA1 is not only 

critical in prostate tumorigenesis5 and neuroendocrine differentiation42, but also 

appears crucial in evading AR therapy-induced growth inhibition, further supporting 

the rationale to intensify efforts in targeting this highly tissue-selective, yet critical 

transcriptional regulator, directly or indirectly66.
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Methods

Study design

Primary PCa tissues before and after enzalutamide (ENZ) treatment were acquired 

as part of the phase  2, prospective, single-arm DARANA study (ClinicalTrials.gov 

NCT03297385) at the Netherlands Cancer Institute Antoni van Leeuwenhoek hospital. 

The primary clinical outcome measure of the trial was the positive margins rate after 

neoadjuvant ENZ treatment. To allow sample size calculation, we performed a survey 

into the surgical margins of 1492 in-house prostatectomy specimens (Gleason ≥ 7), not 

treated with antihormonal therapy prior to surgery, which revealed 34% not-radical 

resections. Earlier randomized studies on neoadjuvant androgen ablation showed 

reductions in positive surgical margin rate of at least 50%67-69. To detect a reduction of 

positive surgical margins from 34% to 17% with a power of 80% and an alpha level set 

at 0.05, 55 patients needed to be included. Inclusion criteria were over 18 years of age, 

Gleason ≥ 7 PCa and planned for prostatectomy. Prior to treatment a multi-parametric 

MRI scan was made to identify tumors in the prostate (cT-stage) and pelvic lymph node 

metastasis (cN-stage). Patients were treated with ENZ, once daily 160 mg P.O. without 

androgen deprivation therapy, for three months prior to robotic-assisted laparoscopic 

prostatectomy (RALP) and a pelvic lymph node dissection. The resection specimen was 

assessed for tumor margins, prostate tumor stage (ypT-stage) and pelvic lymph node 

involvement (ypN-stage). Secondary endpoints included assessment of downstaging 

by comparison of pre-operative clinical cT and cN stage with post-treatment and post-

operative ypT and ypN stage, and differences in pre- and post-treatment prostate 

cancer cleaved Caspase-3 and Ki-67 staining as markers of apoptosis and tumor cell 

proliferation, respectively. Moreover, various clinical time-to-event outcomes were 

included: time to biochemical recurrence, defined as time from trial inclusion to two 

consecutive rises of serum PSA with a minimal level of ≥ 0.2 ng/mL; ADT-free survival, 

defined as time from trial inclusion to the onset of ADT therapy; time to radiological 

recurrence, defined as time from trial inclusion until detection of local or distant 

metastases by PSMA PET scanning; and time to distant metastases, defined as time 

from trial inclusion until the detection of distant metastases by PSMA PET scanning. The 

trial was approved by the institutional review board of the Netherlands Cancer Institute, 

informed consent was signed by all participants enrolled in the study, and all research 

was carried out in accordance with relevant guidelines and regulations.

Pre- and post-treatment sampling

Prior to ENZ intervention, 4 x pre-operative MRI-guided 18-gauge core needle tumor 

biopsies were taken per patient. Directly after prostatectomy, 8 x additional tumor-

targeted core needle biopsies (4 x 14-gauge, 4 x 5-mm) were taken from prostatectomy 
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specimens ex vivo, using previous MRI information and palpation. Biopsy and 

prostatectomy specimens were fresh frozen (FF) or formalin-fixed paraffin-embedded 

(FFPE) for ChIP-seq and CNV-seq, or RNA-seq and immunohistochemistry analyses, 

respectively. Prior to ChIP-seq experiments, FF material was cut in 30 µm sections, 

while FFPE material was cut in 10 µm sections prior to RNA extraction. Tissue sections 

were examined pathologically for tumor cell content and only samples with a tumor 

cell percentage of ≥ 50% were used for further downstream analyses.

ChIP-seq

Sample processing: Chromatin immunoprecipitations on PCa tissue specimens and cell 

line models were performed as previously described70. In brief, cryosectioned tissue 

samples were double-crosslinked in solution A (50 mM HEPES-KOH, 100 mM NaCl, 

1 mM EDTA, 0.5 mM EGTA), first supplemented with 2 mM disuccinimidyl glutarate 

(DSG; CovaChem) for 25 min at room temperature. Then, 1% formaldehyde (Merck) 

was added for 20 min and subsequently quenched with a surplus of 2.5 M glycine. 

Cell lines were crosslinked using single-agent fixation. Therefore, 1% formaldehyde 

was added to the cell culture medium and incubated at room temperature for 10 min, 

followed by glycine-quenching as described above. Tissue and cell line samples were 

lysed as described71 and sonicated for at least 10 cycles (30 sec on; 30 sec off) using a 

PicoBioruptor (Diagenode). For each ChIP, 5 µg of antibody were conjugated to 50 µL 

magnetic protein A or G beads (10008D or 10009D, Thermo Fisher Scientific). The 

following antibodies were used: AR (06-680, Merck Millipore), FOXA1 (ab5089, Abcam), 

H3K27ac (39133, Active Motif), and ARNTL (ab93806, Abcam).

ChIP-seq: Immunoprecipitated DNA was processed for library preparation using a KAPA 

library preparation kit (KK8234, Roche) and generated libraries were sequenced on the 

Illumina HiSeq2500 platform using the single end protocol with a read length of 65-

bp, and aligned to the human reference genome hg19 using Burrows-Wheeler Aligner 

(v0.5.10)72. Reads were filtered based on mapping quality (MAPQ ≥ 20) and duplicate 

reads were removed. 

Analysis of ChIP-seq: Peak calling over input controls (per tissue sample or cell line) was 

performed using MACS2 (v2.1.1) and Dfilter (v1.6) for tissues, and MACS2 (v2.1.2) for cell 

lines73,74. For tissue samples, only the peaks shared by both peak callers were used for 

downstream analyses. DeepTools75 (v2.5.3) was used to calculated read counts in peaks 

(FRiP). Read counts and the number of aligned reads, as well as normalized strand 

coefficient (NSC) and relative strand correlation (RSC), which were calculated using 

phantompeaktools76 (v1.10.1), are shown in Supplementary Table S2 for tissue ChIP-seq 

data and Supplementary Table S6 for cell line ChIP-seq data. Tissue ChIP-seq samples 
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that passed the following quality control measures were included in the final analyses; 

tumor cell percentage ≥ 50%, ChIP-qPCR enrichment, and more than 100 peaks 

called (Supplementary Fig. S2). For visualization of cell line ChIP-seq data, an average 

enrichment signal was generated by merging mapped reads of replicate samples 

using SAMtools77 (v1.10-3). Genome browser snapshots, tornado and average density 

plots were generated using EaSeq78 (v1.101). For snapshot overviews across multiple 

samples, bigWig files were generated from aligned bam files with the bamCoverage 

function from deepTools (v2.0), and snapshots were produced using pyGenomeTracks79 

(v3.6) with the added NCBI RefSeq genome track80,81. Genomic distribution and motif 

enrichment analyses were performed using the CEAS and the SeqPos motif tools on 

Galaxy Cistrome82, respectively. CistromeDB Toolkit was used to probe which TFs and 

chromatin regulators have a significant binding overlap with the differential FOXA1 peak 

sets48. For this, genomic coordinates of high-confidence binding sites (FC ≥ 1.2) were 

converted between assemblies (from hg19 to hg38), using the UCSC genome browser 

liftOver tool83. The DiffBind84 R package (v2.10) was used to generate correlation 

heatmaps and PCA plots based on occupancy, to perform differential binding analyses 

using a false discovery rate (FDR) < 0.05, and to generate consensus peaklists. ChIP-seq 

signal of various datasets (FOXA1, AR and H3K27ac from this study; AR, H3K27ac and 

H3K27me3 from a previously reported study31) at differential and consensus FOXA1 sites 

was investigated by counting mapped reads in FOXA1 peak regions using bedtools85 

multicov (v2.27.1). Readcounts were subsequently z-transformed and visualized using 

the aheatmap function from the R package NMF86 (v0.21.0) with a color scheme 

from RColorBrewer (v1.1-2; https://CRAN.R-project.org/package=RColorBrewer). To 

determine significance in binding site occupancy differences between pre- and post-

treatment FOXA1 sites, median z-transformed readcounts were calculated per sample 

and compared using a Mann-Whitney U test. These median readcounts per sample 

were also used to assess the correlation between ChIP-seq signals of AR, FOXA1 and 

H3K27ac at pre-enriched, post-enriched and consensus FOXA1 binding sites. Bedtools85 

intersect (v2.27.1) was used to determine overlap of differential FOXA1 binding sites 

and inactive, constitutively active and inducible AR-binding sites. To assign FOXA1 and 

ARNTL binding regions to potential target genes, we overlapped differential FOXA1 

binding sites with H3K27ac HiChIP data44 using bedtools intersect. To assess whether 

or not genes coupled to FOXA1 binding sites were considered to be essential for the 

VCAP prostate cancer cell line, we used the DepMap (Broad 2020) 20Q1 Public gene 

effect dataset45 with a stringent gene effect score cutoff ≤ -1. Gene set overlaps between 

genes linked to ChIP-seq binding sites and the Molecular Signatures Database (v7.4) 

were computed using Gene Set Enrichment Analysis87 (GSEA) with an FDR q-value 

cutoff ≤ 0.05.
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RNA-seq

RNA isolation: Prior to RNA isolation, FFPE material was pathologically assessed. The 

expert pathologist scored tumor cell percentage and indicated most tumor-dense 

regions for isolation on a hematoxylin and eosin (H&E) slide. RNA and DNA from FFPE 

material were simultaneously isolated from 3-10 sections (depending on tumor size) of 

10 µm using the AllPrep DNA/RNA FFPE isolation kit (80234, Qiagen) and the QIAcube 

according to the manufacturer’s instructions. cDNA was synthesized from 250 ng RNA 

using SuperScript III Reverse Transcriptase (Invitrogen) with random hexamer primers. 

RNA-seq: Strand-specific libraries were generated with the TruSeq RNA Exome kit 

(Illumina) and sequenced on the Illumina HiSeq2500 platform using the single end 

protocol with a read length of 65-bp. equencing data were aligned to the human 

reference genome hg38 using HISAT288 (v2.1.0) and the number of reads per gene 

was measured with HTSeq count89 (v0.5.3). For QC purposes, total readcounts per 

sample were determined and hierarchical clustering based on the Euclidean distance 

was applied. Samples with a readcount ≥ 2 standard deviations below the mean of 

all sample readcounts were removed, as well as samples that clustered in a separate 

branch. 

Analysis of RNA-seq: Global gene expression differences between pre- and 

post-treatment samples passing QC were determined using DESeq290 (v1.22.2). 

Significance of expression level differences between pre- and post-treatment 

samples was determined using a paired t test. Gene set enrichment was performed 

using pre-ranked GSEA87 based on the Wald statistic provided by DESeq2. For 

visualization purposes, the data were z-transformed per gene. Heatmaps of gene 

expression values were created using the aheatmap function from the R package 

NMF86 (v0.21.0) with a color scheme from RColorBrewer (v1.1-2; https://CRAN.R-

project.org/package=RColorBrewer). To assign samples to previously described 

PCa subtypes Stelloo, et al. 31, the z-transformed expression levels of the top ~100 

most differentially expressed genes (n = 285) in each of the three clusters were 

investigated. Using these values, samples were clustered based on their Pearson 

correlation. The resulting tree was divided into 3 clusters, corresponding to the 

previously published PCa subtypes. Potential transitioning of samples from one 

cluster to another after treatment was visualized using a riverplot (v0.6; https://

CRAN.R-project.org/package=riverplot). To calculate fold changes of neuroendocrine 

scores upon treatment, expression of 70 neuroendocrine signature genes were 

obtained from castration-resistant neuroendocrine and prostate adenocarcinoma 

samples as published previously35. The expression of 5 of the 70 neuroendocrine 

signature genes were not included in the analysis (KIAA0408, SOGA3, LRRC16B, 
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ST8SIA3, SVOP) because the genes are not expressed in these samples. Expression 

fold changes between paired pre- and post-treatment samples were calculated 

(n = 39) and concordance in gene expression differences (fold change sign) were 

measured using Pearson correlation.

CNV-seq

CNV-seq: Low-coverage whole-genome sequencing of ChIP-seq input samples was 

performed on a HiSeq2500 system (single end, 65-bp), and samples were aligned to 

hg19 with Burrows-Wheeler Aligner72 (BWA) backtrack algorithm (v0.5.10). Per sample, 

the mappability of all reads with a phred quality score of 37 and higher per 20-kb on 

the genome was rated against a similarly obtained mappability for all known and tiled 

65-bp subsections of hg19. Sample counts were corrected per bin for local guanine–

cytosine (GC) content effects using a nonlinear Loess fit of mappabilities over 0.8 on 

autosomes. Reference values were scaled according to the slope of a linear fit, forced 

to intercept at the origin, of reference mappabilities after GC correction. Ratios of 

corrected sample counts and reference values left out bins with mappability below 0.2 

or overlapping ENCODE blacklisted regions91.

Analysis of CNV-seq: Copy number log ratios were smoothed and segmented using the 

R package DNACopy (v1.50.1; https://bioconductor.org/packages/release/bioc/html/

DNAcopy.html) with the parameters set to alpha=0.00000000001, undo.SD=2, and 

undo.splits=”sdundo”. Bedtools85 intersect (v2.27.1) was used to determine overlap 

between copy number segments and differential FOXA1 binding sites. These data 

were subsequently visualized using the aheatmap function from the R package NMF86 

(v0.21.0) with a color scheme from RColorBrewer (v1.1-2; https://CRAN.R-project.org/

package=RColorBrewer). To correlate FOXA1 ChIP-seq signal with copy number status at 

differential FOXA1 sites, we employed the z-transformed FOXA1 ChIP-seq readcounts as 

described in the ChIP-seq section. The difference in transformed ChIP-seq readcounts 

and the difference in normalized segmented copy number data between matched post-

treatment and pre-treatment samples was calculated for every patient. Subsequently, 

the Pearson correlation between these two sets of differences was calculated.

Immunohistochemistry

For immunohistochemistry (IHC) analysis, we matched our ENZ-treated patient 

cohort (n = 51) in a 1:2 ratio to untreated control patients (not receiving ENZ prior to 

prostatectomy; n = 110) based on clinicopathological parameters (initial PSA, Gleason 

score, TNM stage, age) using the R package MatchIt92 (v.4.1.0). Tissue microarrays (TMAs) 

were prepared containing 3 cores per FFPE tumor sample. Tumor-dense areas in FFPE 

megablocks were marked by an expert pathologist on a H&E slide. Cores were drilled 
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in a receptor block using the TMA grandmaster (3D Histech/Sysmex). Next, cores were 

taken from the donor block and placed in the receptor block using the manual tissue 

arrayer (4508-DM, Beecher instruments). The filled receptor block was placed in a 70°C 

stove for 9 minutes and cooled overnight at RT. IHC was applied to TMA slides using a 

BenchMark Ultra autostainer (Ventana Medical Systems). In brief, paraffin sections were 

cut at 3 µm, heated at 75°C for 28 minutes and deparaffinized in the instrument with 

EZ prep solution (Ventana Medical Systems). Heat-induced antigen retrieval was carried 

out using Cell Conditioning 1 (CC1, Ventana Medical Systems) for 24 minutes (cleaved-

Caspase-3), 32 minutes (Chromogranin, Synaptophysin) or 64 minutes (ARNTL, Ki-

67) at 95°C. The following antibodies and staining conditions were used: anti-ARNTL 

(ab230822, Abcam; 1:1000 dilution; 60 min at room temperature), anti-Ki-67 (M7240, 

Agilent; 1;100 dilution; 60 min at 37°C), anti-cleaved-Caspase-3 (9661, Cell Signaling; 

1:100 dilution; 32 min at room temperature), anti-Chromogranin (760-2519, Ventana 

Medical Systems; undiluted; 32 min at 37°C), and anti-Synaptophysin (SYNAP-299-L-

CE, Leica; 1:100; 32 min at 37°C). For Synaptophysin signal amplification was applied 

using the OptiView Amplification Kit (Ventana Medical Systems; 4 min). Bound antibody 

was detected using the OptiView DAB Detection Kit (Ventana Medical Systems). Slides 

were counterstained with hematoxylin and bluing reagent (Ventana Medical Systems). 

Percentage of positive tumor cells or IHC staining intensity (weak, moderate, strong) 

in tumor cells were scored by an expert pathologist and used for statistical analysis.

FOXA1 mutation status

FOXA1 mutation status was assessed from H3K27ac ChIP-seq and RNA-seq reads 

covering the gene. We focused our search to genomic coordinates with mutations 

previously reported in cBioPortal (https://www.cbioportal.org). cBioPortal was queried 

for all somatic mutations in FOXA1 (n  =  567 mutations) across all PCa samples 

(n = 6,875 patients). Non-reference alleles were called from bam files with H3K27ac 

ChIP-seq or RNA-seq reads using the mpileup and call commands from bcftools (v1.9). 

The --prior variable for call was set to 0.05 to enhance sensitivity in the setting of low 

read coverage. The genomic coordinates of variants were listed in bed files and tested 

for overlap with FOXA1 mutations from cbioPortal.

Survival analysis in mCRPC cohorts

RNA-seq data from mCRPC was processed as previously described53,54,93 and converted 

to transcripts per million (TPM) or fragments per kilobase per million reads mapped 

(FPKM). Patients were grouped by ARNTL expression levels as low (< median) or high 

(≥ median). Survival analysis was performed using the Kaplan-Meier method with 

endpoint overall survival from diagnosis of mCRPC and the Wald test was used to test 

for statistical significance.
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Cell lines and cell culture

LNCaP human PCa cell line and HEK293T cells were purchased from the American 

Type Culture Collection (ATCC). Enzalutamide-resistant LNCaP-42D41 and LNCaP-

ResA56 cells were described previously. LNCaP clones were maintained in RPMI-

1640 medium (Gibco, Thermo Fisher Scientific) supplemented with 10% FBS 

(Sigma-Aldrich), with ENZ-resistant cell lines further supplemented with 10 µM 

ENZ (MedChemExpress). HEK293T cells were cultured in DMEM (Gibco, Thermo 

Fisher Scientific) supplemented with 10% FBS. Cell lines were subjected to regular 

mycoplasma testing and all cell lines underwent authentication by short tandem 

repeat profiling (Eurofins Genomics). For hormone stimulation with synthetic 

androgen, cells were treated with 10 nM R1881 (PerkinElmer) for 48 hours. For in 

vitro AR blockade, cells were treated with 10 µM ENZ and harvested at the indicated 

time points.

STARR-seq

Generation of FOXA1-focused STARR-seq library: Pooled human male genomic DNA 

(Promega) was randomly sheared, end-repaired, and ligated with Illumina compatible 

xGen CS stubby adaptors (IDT) containing 3-bp unique molecular identifiers (UMI). 

The adaptor-ligated gDNA fragments (500-800 bp) were hybridized to a custom 

biotinylated oligonucleotide probe (Agilent) and captured by Dynabeads M-270 

Streptavidin beads (NEB). The library was designed to capture regions from 

clinical ChIP-seq. Any overlapping reads were collapsed using BedTools’ `merge` 

(v2.30.0) command to eliminate possible over-representation. Target regions were 

PCR-amplified with STARR_in-fusion_F (TAGAGCATGCACCGGACACTCTTTCCCTAC

ACGACGCTCTTCCGATCT) and STARR_in-fusion_R (GGCCGAATTCGTCGAGTGAC

TGGAGTTCAGACGTGTGCTCTTCCGATCT) primers and cloned into AgeI-HF (NEB) 

and SalI-HF (NEB) digested hSTARR-ORI plasmid (#99296, Addgene) by Gibson 

Assembly. STARR-seq capture library was transformed into MegaX DH10B T1R 

electrocompetent cells (Invitrogen). Plasmid DNA was extracted using the Qiagen 

Plasmid Maxi Kit.

STARR-seq: LNCaP cells (> 1.6 x 108 cells/replicate; 3 biological replicates for each cell 

line) were electroporated with the STARR-seq capture library (1 x 106 cells: 2 µg DNA; 

~320 µg plasmid DNA/replicate) using the Neon Transfection System (Invitrogen). 

Electroporated LNCaP cells were immediately recovered in RPMI-1640 medium 

supplemented with 10% FBS and the culture medium was refreshed 24hours after 

electroporation. LNCaP cells (~0.5 x 108 cells) were treated with dimethylsulfoxide 

(DMSO) or 10 µM ENZ for 48 hours and then either EtOH or 10 nM DHT for 4 hours. All 

electroporated LNCaP cells were harvested 72 h post electroporation. Cell samples 
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were lysed with the Precellys CKMix Tissue Homegenizing Kit and Precellys 24 Tissue/

Cell Ruptor (Berin Technologies). Total RNA was extracted using Qiagen Rneasy 

Maxi Kit (Qiagen) and poly-A mRNA was isolated using the Oligo (dT)
25

 Dynabeads 

(Thermo Fisher). FOXA1-focused STARR-seq cDNA was synthesized with the gene-

specific primer (CTCATCAATGTATCTTATCATGTCTG) and amplified by junction 

PCR (15 cycles) with the RNA_jPCR_f (TCGTGAGGCACTGGGCAG*G*T*G*T*C) and 

jPCR-r (CTTATCATGTCTGCTCGA*A*G*C) primers. FOXA1-focused STARR-seq capture 

library plasmid DNA was extracted from 0.1 x  108 transfected but untreated cells 

using the QIAprep Spin Miniprep Kit (Qiagen). The extracted plasmid DNA and the 

input plasmid DNA were PCR amplified with the DNA-specific junction PCR primer 

(DNA_jPCR_f, CCTTTCTCTCCACAGGT*G*T*C) and jPCR-r primer. After purification 

with Ampure XP beads, Illumina compatible libraries were generated by PCR 

amplification with NEBNext universal and single indexing primers (NEB), and were 

sequenced on Illumina NovaSeq6000 (150-bp; paired-end).

Analysis of STARR-seq: STARR-seq sequencing data was analyzed using a custom 

Snakemake pipeline (https://github.com/birkiy/starr-pipe). Briefly, paired-end 

STARR-seq samples were aligned to hg19 genome using BWA (v0.7.17). Raw 

alignment files were converted into BEDPE format using BedTools (v2.30.0) 

`bamtobed -bedpe` command. The start of the first paired read and the end of 

its mate defined the fragments from the BEDPE file. Any fragments overlapping 

with hg19 blacklisted regions (https://github.com/Boyle-Lab/Blacklist) or MAPQ 

scores < 30 were filtered from downstream analysis. Fragments containing unique 

genomic positions were counted using `uniq -c` UNIX command. A count table of 

the unique fragment collection count was generated using a custom Julia script 

(v1.5.2) fragments.jl which uses library input samples to first generate the reference 

fragment population and then quantifies the frequencies of each fragment. STARR-

seq aligned files were downsampled using SAMtools (v1.10) to make files with 

equivalent readcounts across conditions. Next, count tables were generated from 

the downsampled files for all tested FOXA1 regions (n = 1,209) using the deepTools 

(v2.0) multiBamSummary function. The most correlated replicates were chosen 

for further analysis using the cor function in R (v3.4.4). Regions with zero counts 

across samples were removed leaving 968 regions. These count tables were used 

as input for a differential expression analysis using DESeq2 (v1.22.2) in R. Regions 

with non-significant changes (FDR ≤ 0.05, logFC ≥  |2|) in readcounts upon ENZ 

treatment were identified and k-means clustering from the plotHeatmap function 

of deepTools was performed. To determine possible functional associations within 

these clusters the sets of regions were queried using the CistromeDB Toolkit to 

identify factors with significant overlap.
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RIME

Sample processing: Following treatment of LNCaP and LNCaP-42D cells with ENZ 

(10 µM) for 48 hours, cells were fixed, lysed and sonicated as previously described94. 

The nuclear lysates were incubated with 50 μL magnetic protein A beads (10008D, 

Thermo Fisher Scientific) conjugated to 7.5 μg ARNTL antibody (ab93806, Abcam) 

or rabbit IgG control (12-370, Merck Millipore).

LC-MS/MS: Peptide mixtures were prepared and measured as previously described4, 

with the following exceptions. Peptide mixtures (10% of total digest) were loaded 

directly onto the analytical column (ReproSil-Pur 120 C18-AQ, 2.4 μm, 75 μm x 500 mm, 

packed in-house) and analyzed by nanoLC-MS/MS on an Orbitrap Fusion Tribrid mass 

spectrometer equipped with a Proxeon nLC1200 system (Thermo Scientific). Solvent 

A was 0.1% formic acid/water and solvent B was 0.1% formic acid/80% acetonitrile. 

Peptides were eluted from the analytical column at a constant flow of 250 nL/min in a 

120 min gradient, containing a 105 min step-wise increase from 7% to 34% solvent B, 

followed by a 15 min wash at 80% solvent B.

Analysis of RIME data: Raw data were analyzed by MaxQuant (v2.0.1.0)95 using standard 

settings for label-free quantitation (LFQ). MS/MS data were searched against the 

Swissprot human database (20,397 entries, release 2021_01) complemented with 

a list of common contaminants and concatenated with the reversed version of all 

sequences. The maximum allowed mass tolerance was 4.5 ppm in the main search 

and 0.5 Da for fragment ion masses. False discovery rates for peptide and protein 

identification were set to 1%. Trypsin/P was chosen as cleavage specificity allowing 

two missed cleavages. Carbamidomethylation was set as a fixed modification, while 

oxidation and deamidation were used as variable modifications. LFQ intensities 

were log
2
-transformed in Perseus (v1.6.15.0)96, after which proteins were filtered for 

at least 3 out of 4 valid values in at least one sample group. Missing values were 

replaced by imputation based on a normal distribution (width: 0.3 and downshift: 1.8). 

Differentially enriched proteins were determined using a Student t test (threshold: 

P ≤ 0.05 and [x-y] ≥ 1.8 | [x-y] ≤ -1.8).

Transient cell line transfections

Transient transfections of cell lines were performed according to the manufacturer’s 

instructions using Lipofectamine 2000 (Invitrogen) or Lipofectamine RNAiMAX 

(Invitrogen) for overexpression or siRNA knockdown experiments, respectively. 

ARNTL containing expression plasmid was obtained from the CCSB-Broad Lentiviral 

Expression Library. siRNA oligos targeting ARNTL (M-010261-00-0005), FOXA1 (M-

010319-01-0020), NR3C1 (M-003424-03-0005) and the non-targeting control (D-
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001206-14, D-001210-05-20) were purchased from Dharmacon. For ARNTL ChIP-seq 

upon FOXA1 knockdown, LNCaP and LNCaP-42D cells were reverse transfected 

with 50 nM siFOXA1 using Lipofectamine RNAiMAX. ENZ (10 µM) was added after 

24 hours, and cells were fixed and harvested for ChIP-seq analysis 72 hours post-

transfection.

CRISPR/Cas9-mediated knockout cell lines

Guide RNAs targeting human ARNTL (CTGGACATTGCGTTGCATGT) and a non-

targeting control guide (AACTACAAGTAAAAGTATCG) were individually cloned into the 

lentiCRISPR v2 plasmid97. CRISPR vectors were co-expressed with 3rd generation viral 

vectors in HEK293T cells using polyethyleneimine (PEI; Polysciences). After lentivirus 

production, the medium was harvested and transferred to the designated cell lines. Two 

days post infection, cells were put on puromycin (Sigma-Aldrich) selection for 3 weeks 

and knockout efficiency was tested using western blot analysis.

Western blotting

Total proteins were extracted from cells using Laemmli lysis buffer, supplemented 

with a complete protease inhibitor cocktail (Roche). Per sample, 40 µg of protein was 

resolved by SDS-PAGE (10%) and transferred on nitrocellulose membranes (Santa 

Cruz Biotechnology). The following antibodies were used for Western blot stainings: 

ARNTL (ab93806, Abcam), PSA (5365, Cell Signaling Technology), FOXA1 (ab5089, 

Abcam), GR (12041, Cell Signaling Technology) and ACTIN (MAB1501R, Merck Millipore). 

Blots were incubated overnight at 4°C with designated primary antibodies at 1:1000 

(ARNTL, PSA) or 1:5000 (ACTIN) dilution and visualized using the Odyssey system (Li-

Cor Biosciences).

RNA isolation and mRNA expression

Total RNA from cell lines was isolated using TRIzol Reagent (Thermo Fisher Scientific), and 

cDNA was synthesized from 2 μg RNA using the SuperScript™ III Reverse Transcriptase 

system (Thermo Fisher Scientific) with random hexamer primers according to the 

manufacturer’s instructions. Quantitative PCR (qPCR) was performed using the 

SensiMix™ SYBR Kit (Bioline) according to the instructions provided by the manufacturer 

on a QuantStudio™ 6 Flex System (Thermo Fisher Scientific). Primer sequences for 

mRNA expression analyses are FOXA1 (forward: CGACTGGAACAGCTACTACG; reverse: 

TGGTGTTCATGGTCATGTAGGT) and ARNTL (forward: CTGGAGCACGACGTTCTTTCTT; 

reverse: GGATTGTGCAGAAGCTTTTTCG). mRNA levels are shown relative to the 

expression of housekeeping gene TBP (forward: GTTCTGGGAAAATGGTGTGC; reverse: 

GCTGGAAAACCCAACTTCTG).



106   |   Chapter 3

Cell viability and proliferation assays 

For cell viability assays, LNCaP, LNCaP-42D or LNCaP-ResA cells were seeded at 

2 x 103 cells per well in 96-well plates (Greiner) ± 10 µM ENZ, and reverse transfected 

with 50-100 nM siRNA (Dharmacon) using Lipofectamine RNAiMAX (Invitrogen). Cell 

viability was assessed 7 days post-transfection using the CellTiter-Glo Luminescent 

Cell Viability Assay kit (Promega), as per the manufacturer’s instructions. Bar charts 

were plotted using GraphPad Prism 9 software. Proliferation curves for stable ARNTL 

knockout clones were generated using a Lionheart FX automated microscope (BioTek). 

Cells (LNCaP, LNCaP-42D, LNCaP-ResA) were seeded at 2 x 103 cells per well in 96-well 

plates ± 10 µM ENZ. SiR-DNA (Spirochrome) live cell nuclear stain was added 2 hours 

before imaging. Cell growth was recorded with a time resolution of 4 hours for a total 

time span of 144 hours. The microscope was maintained at 37°C, 5% CO2 and live-cell 

imaging was performed using a 4X lens and a Sony CCD, 1,25-megapixel camera with 

two times binning (BioTek). Gen5 software (BioTek) was used to quantify cell numbers 

and growth curves were plotted using GraphPad Prism 9 software.

Xenograft studies

For in vivo tumor growth studies, 7.5 x  106 sgNT or sgARNTL (LNCaP, LNCaP-42D, 

LNCaP-ResA) cells in PBS with 50% BME (3536-005-02, Bio-Techne) were injected 

subcutaneously into one of the flanks of ~seven-week-old male NOD-SCID (NSG) mice. 

Once tumor size reached 150 mm3, mice were randomized and treated with either 

10  mg/kg ENZ (MedChemExpress), or vehicle control (1% carboxymethylcellulose 

sodium salt, 0.1% Tween-80, 5% DMSO; Sigma-Aldrich) through oral gavage on a 

daily basis. Tumor volume was monitored by caliper measurements 3 times a week. 

Mice were kept under standard temperature and humidity conditions in individually 

ventilated cages, with food and water provided ad libitum. All animal experiments were 

approved by the Animal Welfare Committee of the Netherlands Cancer Institute and 

performed in accordance with institutional, national and European guidelines for animal 

research.

Statistical analysis 

For differential binding and differential gene expression analyses (pre- vs. post-ENZ), 

an FDR cutoff < 0.05 (P < 0.01) and P
adj

 < 0.01 was used, respectively. A Mann-Whitney 

U test was used to determine differences in region readcounts (adjusted for multiple 

testing using FDR) and differences in gene expression levels before and after ENZ 

treatment. For peak set and gene set overlaps as well as to determine differences in 

IHC staining intensities, Fisher exact tests were applied. Differences in cell viability or 

cell/tumor growth were tested using a two-way or one-way ANOVA followed by Tukey 

multiple comparisons test, respectively (GraphPad Prism 9). Corresponding bar chart or 
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growth curves show the mean with error bars representing the SD. All boxplots indicate 

the median (center line), upper- (75) and lower- (25) quartile range (box limits) and 

1.5 x interquartile range (whiskers). Significance is indicated as follows: ns, P > 0.05; *, 

P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Further details of statistical tests 

are provided in the figure legends.

Data availability 

All tissue ChIP-seq and RNA-seq raw data generated in this study have been deposited 

in the European Genome-Phenome Archive (EGA) under the accession numbers 

EGAS00001006017 and EGAS00001006016, respectively. The cell line ChIP-seq, as 

well as all processed tissue ChIP-seq and RNA-seq data have been deposited in the Gene 

Expression Omnibus (GEO) database, under accession number GSE197781. The mass 

spectrometry proteomics (RIME) data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD032041. 

Public ChIP-seq datasets used in this study are available from GEO or the EGA under the 

following accession code: GSE120738 (AR, H3K27ac ChIP-seq), GSE51497 (GR ChIP-seq), 

GSE117306 (N-MYC ChIP-seq) and EGAS00001003928 (FOXA1 ChIP-seq).
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Supplementary Data

Primary clinical outcomes

We conducted a single-arm, open-label phase II clinical trial: the DARANA study (Dynamics 

of Androgen Receptor Genomics and Transcriptomics After Neoadjuvant Androgen 

Ablation; NCT03297385). In this study, 56 men with primary high-risk (Gleason score ≥ 7) 

PCa were enrolled. Mean age at inclusion was 67 years, baseline serum PSA 12.8 ng/mL 

and the majority of patients had ISUP GG2 (28%) or ISUP GG4 (36%) PCa (Fig. 1A; Table 1; 

Supplementary Table S1). 55 patients completed therapy without dose adjustments, while 

one patient (DAR37) discontinued ENZ three weeks prematurely. All patients underwent 

a robotic-assisted laparoscopic prostatectomy (RALP). Primary outcome of the trial was 

the rate of positive margins after neoadjuvant ENZ treatment. 30% of prostatectomy 

specimens had positive surgical margins, which was comparable to 1492 non-treated 

historical controls with Gleason ≥ 7 (34%; see methods). Consequently, this trial did not 

provide evidence that neoadjuvant ENZ treatment reduces the surgical margin rate. 

This finding is analogous to a previous neoadjuvant study on ENZ alone versus ENZ in 

combination with the 5a-reductase inhibitor dutasteride and androgen deprivation therapy 

(ADT) in high-risk patients for 6 months, describing 26.1% positive margins in the triple-

therapy arm98. However, a significantly increased staining of post-treatment prostate 

samples for cleaved Caspase-3 compared to untreated control samples suggested an 

upregulation of apoptosis signals in prostate cancer cells, and a significantly decreased 

staining for Ki-67 in post-therapy samples, indicated a decrease in prostate cancer cell 

proliferation upon treatment (Supplementary Fig. S1A and S1B). Despite these biomarker 

responses, after a mean follow-up of 51 months, no significant improvement of time-to-

biochemical recurrence, time-to-ADT, time-to-radiological recurrence and time-to-distant 

metastasis were found when comparing these ENZ-treated patients to matched untreated 

control patients (Supplementary Fig. S1C-F). There is no previous data available on time-

to-BCR following neoadjuvant ENZ treatment, compared with a not-treated comparator 

or a historical cohort, but a pooled analysis of three trials of neoadjuvant ENZ and/or 

abiraterone-treated patients99 reported a 3-year BCR-free survival of 59,1%, which is in 

line with our findings. No differences in pre- and post-treatment T stages were observed. 

In contrast, several studies have reported pathological responses after 6  months of 

neoadjuvant ENZ and ADT with or without abiraterone treatment98,100,101, which may be 

related to the additional treatment with ADT and/or the longer treatment duration. A higher 

incidence of ypN1 lymph nodes than cN1 lymph nodes in the current trial was possibly due to 

differences in accuracy of radiographic pre-treatment assessments versus post-treatment 

histological assessments. In conclusion, neoadjuvant ENZ monotherapy for 3 months 

resulted in increased expression of apoptosis and decreased expression of cell proliferation 

markers, but not in tumor-downstaging or changes in time-to-recurrence endpoints.
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Supplementary tables

Due to print size limitations, all supplementary data tables are available online via the 

DOI: https://doi.org/10.1158/2159-8290.CD-21-0576 or via the PMID: 35754340.

Supplementary Table S1:	 Clinical outcome.

Supplementary Table S2:	 ChIP-seq quality control metrics.

Supplementary Table S3:	 Differential FOXA1 binding sites.

Supplementary Table S4:	 Intrinsic enhancer activity of tumor-specific ARBS.

Supplementary Table S5:	 List of genes coupled to differential FOXA1 sites based 

on H3K27ac HiChIP enhancer-promoter coupling.

Supplementary Table S6:	 Cell line ChIP-seq quality control metrics.
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Supplementary Figures
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◀ Supplementary Figure S1: Pathological and clinical outcome measures. (A) Expression of 

apoptosis marker (cleaved) Caspase-3. Boxplot (left) showing normalized CASP3 gene expression 

before and after 3 months of neoadjuvant ENZ treatment, and stacked bar graphs (right) indicating 

quantification of cleaved Caspase-3-positive tumor cells in tissue microarrays consisting of 

prostatectomy specimens from untreated patients (not receiving neoadjuvant ENZ; n = 109) and 

DARANA patients post-ENZ (n = 51). **, P < 0.01 (Mann-Whitney U test; RNA-seq); *, P < 0.05 (Fisher 

exact test; IHC). (B) Expression of proliferation marker Ki-67. Boxplot (left) showing normalized 

MKI67 gene expression before and after 3 months of neoadjuvant ENZ treatment, and stacked bar 

graphs (right) indicating quantification of Ki-67-positive tumor cells in tissue microarrays consisting of 

prostatectomy specimens from untreated patients and DARANA patients post-ENZ. ****, P < 0.0001 

(Mann-Whitney U test; RNA-seq); ****, P < 0.0001 (Fisher exact test; IHC). (C-F) Kaplan-Meier curves 

showing the biochemical recurrence-free survival (C), androgen deprivation therapy-free survival 

(D), radiological recurrence-free survival (E), and distant metastasis-free survival (F) of the DARANA 

cohort treated with neoadjuvant ENZ prior to prostatectomy (n = 55) and a matched untreated 

control cohort (n = 115).
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Supplementary Figure S2: The DARANA study. Sample flow diagram indicating the quality control 

measures applied to each sample, and the number of samples passing the respective cut-offs per 

omics data stream.
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Supplementary Figure S3: Tissue ChIP-seq quality metrics. (A) Boxplots showing the median total 

number of reads for AR (red), FOXA1 (blue) and H3K27ac (green) ChIP-seq, as well as ChIP-seq input 

(gray) samples. (B) Boxplots indicating the percentage of aligned reads per ChIP factor. (C) Scatter 

plot of phantom peak results, showing the normalized strand cross-correlation coefficient (NSC) and 

relative strand cross-correlation coefficient (RSC) scores for each ChIP-seq and input sample. (D) 

Boxplot showing the number of peaks per ChIP-seq sample. Peak calling was performed over matched 

input control samples. (E) Boxplots indicating the fraction of reads in peaks (FRiP) score per sample.
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Supplementary Figure S4: Correlation between tissue ChIP-seq samples. Boxplots indicating the 

Pearson correlation of ChIP-seq samples based on peak occupancy. Both, pairwise comparisons 

within the same ChIP-seq dataset (AR vs. AR, FOXA1 vs. FOXA1, H3K27ac vs. H3K27ac), and between 

different datasets (AR vs. FOXA1, AR vs. H3K27ac, FOXA1 vs. H3K27ac) are shown. The corresponding 

correlation matrix is shown in Figure 2B.
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Supplementary Figure S5: Overlap with published tissue ChIP-seq datasets. (A-B) Elbow plot 

depicting the peak overlap between pre-treatment (A) and post-treatment (B) ChIP-seq samples with 

publicly available datasets per factor. Sample sizes were matched per ChIP factor and the percentage 

of overlapping peaks with increasing number of samples is shown. (C) Venn diagram indicating the 

overlap of AR consensus sites (present in at least 3 out of 22 AR samples) with AR consensus sites 

identified in Stelloo et al. (present in at least 25 out of 88 AR samples31). (D) Venn diagram indicating 

the overlap of FOXA1 consensus sites (present in at least 7 out of 34 FOXA1 samples) with FOXA1 

consensus sites identified in Mazrooei et al. (present in at least 3 out of 8 FOXA1 samples32).
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Supplementary Figure S6: Characterization of pre-treatment ChIP-seq samples. (A) Correlation 

heatmap based on peak occupancy of pre-treatment samples. Clustering of the samples is based 

on all called peaks and represents Pearson correlations between individual ChIP-seq samples. The 

column color bars indicate the ChIP-seq factor (AR, FOXA1, H3K27ac) and treatment status (Pre-

only). (B) Principal component analysis (PCA) plot based on peak occupancy. Each dot represents a 

pre-treatment ChIP-seq sample that is colored per factor. (C) Elbow plot depicting the peak overlap 

between pre-treatment ChIP-seq samples per factor. Shown is the percentage of overlapping peaks 

with increasing number of samples. Consensus peaksets were designed by using a cutoff of peaks 

present in at least 3 AR, 7 FOXA1, or 13 H3K27ac pre-treatment samples. (D) Pie charts showing the 

genomic distribution of AR (left), FOXA1 (middle) and H3K27ac (right) consensus peaks identified 

in pre-treatment ChIP-seq samples. (E) Word clouds show motif enrichment at AR (left) and FOXA1 

(right) consensus sites identified in pre-treatment ChIP-seq samples. The font size represents the 

z-score and colors correspond to transcription factor families.
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◀ Supplementary Figure S7: Differential FOXA1 chromatin binding upon ENZ treatment. (A) Principal 

component analysis (PCA) plot based on peak occupancy of AR ChIP-seq data. Color indicates the 

treatment status of pre- (light red) and post- (dark red) ENZ AR samples. (B) Representative tornado 

plots visualizing FOXA1 ChIP-seq signal [in fragments per kilobase per million reads mapped (FPKM)] 

at pre-enriched and post-enriched FOXA1 binding sites before (pre) and after (post) ENZ treatment 

in one patient (DAR39). Data are centered at FOXA1 peaks depicting a 5-kb window around the peak 

center. (C) Quantification of the average signal intensity at pre-enriched (top) and post-enriched 

(bottom) FOXA1 binding sites before (light blue) and after (dark blue) ENZ treatment shown in (B). 

Data are centered at FOXA1 peaks depicting a 2.5-kb window around the peak center. (D) Snapshot 

overviews across all FOXA1 ChIP-seq samples for two pre-enriched (left) and two post-enriched (right) 

FOXA1 binding sites. Y-axes indicate ChIP-seq readcounts. Note differences in Y-axis between sample 

groups. (E) Pie charts showing the genomic distribution of pre-enriched (top) and post-enriched 

(bottom) FOXA1 binding sites. (F) Word clouds show motif enrichment at pre-enriched (left) and 

post-enriched (right) FOXA1 sites. The font size represents the z-score and colors correspond to 

transcription factor families.

Supplementary Figure S8: Copy number variation at differential FOXA1 sites. (A) Boxplot showing 

the median copy number ratio at pre-enriched (left) and post-enriched (right) FOXA1 binding sites 

over all pre-treatment and post-treatment samples. (B-C) Heatmap depicting segmented CNV data 

at pre-enriched (B) and post-enriched (C) FOXA1 binding sites in pre- and post-treatment samples 

(columns). Differential FOXA1 sites are ordered per chromosome (rows) and heatmap color indicates 

copy number gains and losses (z-score). (D) Scatter plot showing the correlation between FOXA1 ChIP-

seq data and CNV-seq data for paired pre-treatment and post-treatment samples (n = 15). Plotted is 

the normalized ChIP readcount difference (post- vs. pre-ENZ) against the CNV ratio difference (post- 

vs. pre-ENZ) at all differential FOXA1 binding sites (n = 1,905) per patient. CNV cut-offs of ± 0.1 (dotted 

vertical lines) and mean Pearson correlation (R = 0.11; range: -0.02 – 0.26) are indicated. Differential 

FOXA1 binding sites (dots) are colored based on their enrichment (pre-enriched vs. post-enriched) 

and recurrent CNV events found in ≥ 3 patients are highlighted. (E) Stacked bar plot indicating the 

fraction of differential FOXA1 sites that show recurrent CNVs shown in (D) with CNV ratio > 0.1 for 

post-enriched and < 0.1 for pre-enriched FOXA1 sites in 3 or more patients (pre: n = 24/475, post: 

n = 20/1,430). ns, P > 0.05 (Fisher exact test). ▶
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◀ Supplementary Figure S9: Characterization of differential FOXA1 sites. (A) Coverage heatmap 

showing occupancy of differential (pre-/post-enriched) and consensus FOXA1 peaks in all generated 

pre- and post-treatment ChIP-seq samples. Heatmap color indicates region read counts (z-score) 

at pre-enriched, post-enriched and consensus FOXA1 sites (rows) in the pre- and post-treatment 

AR (red), FOXA1 (blue) and H3K27ac (green) ChIP-seq data streams (columns). (B) Boxplot showing 

normalized FOXA1 gene expression before and after 3 months of neoadjuvant ENZ treatment. ****, 

P < 0.0001 (Mann-Whitney U test). (C-D) Representative tornado plots (top) and average density 

plots (bottom) visualizing H3K27ac ChIP-seq signal [in fragments per kilobase per million reads 

mapped (FPKM)] at pre-enriched (C) and post-enriched (D) FOXA1 binding sites in 3 patients (DAR24, 

DAR39, DAR52) before and after ENZ treatment. Data are centered at FOXA1 peaks depicting a 10-kb 

(heatmaps) or 2.5-kb (density plots) window around the peak center. (E) Scatter plots showing the 

correlation between AR and H3K27ac ChIP-seq signals at pre-enriched (top), post-enriched (middle) 

and consensus (bottom) FOXA1 sites in treatment-naïve primary prostate tumors (n = 87). Pearson 

correlations for pre-enriched (R = 0.54), post-enriched (R = 0.78) and consensus (R = 0.50) FOXA1 

sites are indicated. (F) Bar chart indicating the overlap between pre-enriched (left) and post-enriched 

(right) FOXA1 binding sites, and previously identified metastasis-specific AR binding sites7 (metARBS). 

****, P < 0.0001 (Fisher exact test).
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Supplementary Figure S10: Top differentially expressed pathways upon neoadjuvant ENZ treatment. 

Heatmaps depicting differential gene expression of top downregulated (A) and top upregulated (B) 

pathways upon ENZ treatment. Unsupervised hierarchical clustering of pre- and post-treatment 

RNA-seq samples is based on the expression of genes that define the respective hallmark gene sets. 

Color scale indicates gene expression (z-score).
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Supplementary Figure S11: The effect of neoadjuvant ENZ on molecular PCa subtyping. 

Unsupervised hierarchical clustering of pre-treatment (A) or pre- and post-treatment (B) RNA-seq 

samples using 285 genes differentially expressed across 3 previously reported PCa subtypes31. For 

each sample, the assigned cluster affiliation as well as the ERG gene expression levels are indicated 

below the branching. The genes (rows) are ordered per cluster and the color scale of the heatmap 

indicates gene expression (z-score).
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◀ Supplementary Figure S12: Induction of neuroendocrine-like signaling post-ENZ. (A) Enrichment 

plots of genes distinguishing prostate epithelial cell types (luminal, basal, neuroendocrine). Genes 

are ranked by differential expression upon ENZ treatment based on patient RNA-seq data (post- vs. 

pre-ENZ). Y-axis indicates enrichment score (ES). GSEA statistics (FDR, ES, NES, nominal P-value) are 

indicated. (B) Boxplots showing normalized gene expression of neuroendocrine markers (CHGA, SYP) 

and NEPC disease drivers (PEG10, MYCN) before and after 3 months of neoadjuvant ENZ treatment. 

ns, P > 0.05; *, P < 0.05; ***, P < 0.001 (Mann-Whitney U test). (C) Representative example snapshots 

of H3K27ac ChIP-seq signal at the PEG10, MYCN and POU3F2 (BRN2) gene loci before (top) and after 

(bottom) ENZ treatment. Shown are matched pre- and post-treatment ChIP-seq data of one patient 

(DAR52). (D) Boxplots depicting normalized gene expression of NEPC drivers (PEG10, MYCN) in ENZ 

non-responders (BCR ≤ 6 months; n = 8) and responders (no BCR; n = 29) in the pre- (left) and post-

treatment (right) setting separately. ns, P > 0.05 (Mann-Whitney U test). (E) Quantification of NEPC 

marker (CHGA, SYP)-positive tumor cells in tissue microarrays consisting of prostatectomy specimens 

from untreated patients (not receiving neoadjuvant ENZ; n = 110) and DARANA patients post-ENZ 

(n = 51). ns, P > 0.05 (Fisher exact test). (F) Venn diagram indicating the overlap of differential FOXA1 

binding sites (pre-ENZ or post-ENZ) with the N-MYC cistrome identified in an NEPC patient-derived 

organoid40.
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Supplementary Figure S13: Cistromic overlap with NEPC-FOXA1 and impact of FOXA1 mutations 

on clinical outcome and gene expression programs. (A) Venn diagram showing the overlap of post-

enriched FOXA1 binding sites with the FOXA1 cistrome identified in treatment-emergent NEPC42. (B) 

Venn diagram depicting the overlap of genes coupled to post-enriched FOXA1 binding sites with NEPC 

gene signatures35,36. Post-ENZ FOXA1 binding sites were coupled to their respective target genes 

using H3K27ac HiChIP data. (C) Stacked bar chart indicating the clinical outcomes of patients with 

wildtype (FOXA1wt; n = 44) or mutant (FOXA1mut; n = 10) FOXA1. ****, P < 0.0001 (Fisher exact test). (D) 

Bar graph showing the FOXA1 mutation status in ENZ non-responders (BCR ≤ 6 months). **, P < 0.01 

(Fisher exact test). (E) Stacked bar charts depicting the molecular subtype affiliation (Cl1, Cl2, Cl3) of 

samples with wildtype or mutant FOXA1 for pre-treatment and post-treatment samples separately. 

(F) Bar graph indicating the FOXA1 mutation status in NE-like cluster 3 (Cl3) samples before and after 

neoadjuvant ENZ treatment. ns, P > 0.05 (Fisher exact test).

Supplementary Figure S14: Cistromic and transcriptomic profiling of core components of the circadian 

clock. (A) Representative example snapshots of H3K27ac ChIP-seq signal at the ARNTL gene locus before 

(top) and after (bottom) ENZ treatment. Shown are matched pre- and post-treatment ChIP-seq data of 

three patients (DAR04, DAR05, DAR06). (B) ARNTL expression changes in paired RNA-seq samples (pre- 

vs. post-ENZ) distinguishing ENZ responders (no BCR; n = 22; left) and non-responders (BCR ≤ 6 months 

and BCR > 6 months; n = 17; right). ns, P > 0.05; ***, P < 0.001 (paired Mann-Whitney U test). (C) Boxplots 

showing normalized gene expression of canonical circadian clock components before and after 3 months 

of neoadjuvant ENZ treatment. ns, P > 0.05; *, P < 0.05; ****, P < 0.0001 (Mann-Whitney U test). (D) Boxplots 

depicting normalized gene expression of ARNTL dimerization partners CLOCK (top) and NPAS2 (bottom) 

in ENZ non-responders (BCR ≤ 6 months; n = 8) and responders (no BCR; n = 29) in the pre- (left) and 

post-treatment (right) setting separately. ns, P > 0.05 (Mann-Whitney U test). ▶
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Supplementary Figure S15: Prognostic potential of ARNTL in mCRPC cohorts. (A) Kaplan-Meier 

curve showing the association of ARNTL expression levels (high: ≥ median; low < median) with 

overall survival (OS) in the WCDT mCRPC cohort53. (B) Boxplots indicating normalized ARNTL 

gene expression levels in mCRPC patients (WCDT cohort) stratified on exposure to AR signaling 

inhibitors (ARSI). (C) Kaplan-Meier curve depicting the association of ARNTL expression levels (high: 

≥ median; low < median) with overall survival (OS) in the SU2C mCRPC cohort54. (D) Boxplots showing 

normalized ARNTL gene expression levels in mCRPC patients (SU2C cohort) stratified on exposure 

to AR signaling inhibitors (ARSI).
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◀ Supplementary Figure S16: Treatment-induced FOXA1 reprogramming in PCa cell lines. (A) 

Boxplot showing the number of FOXA1 peaks per ChIP-seq condition (PreLNCaP, PostLNCaP, ResLNCaP-42D). 

Peak calling was performed over matched cell line input control samples. (B) Venn diagram indicating 

the overlap of FOXA1 binding sites in all tested cell line conditions (PreLNCaP, PostLNCaP, ResLNCaP-42D). For 

each condition, only peaks present in both replicates were included. The FOXA1 consensus cistrome 

across conditions (n = 35,602 sites) was used for genomic distribution (C) and motif enrichment (D) 

analyses. (C) Pie chart showing the genomic distribution of consensus FOXA1 binding sites. (D) Word 

cloud shows motif enrichment at consensus FOXA1 sites. The font size represents the z-score and 

colors correspond to transcription factor families. (E) Tornado plots (left) and average density plots 

(right) visualizing FOXA1 ChIP-seq signal [in fragments per kilobase per million reads mapped (FPKM)] 

at pre-enriched (top) and post-enriched (bottom) FOXA1 binding sites in untreated (PreLNCaP), short-

term ENZ-treated (PostLNCaP), and ENZ-resistant NE-like LNCaP cells (ResLNCaP-42D). Data are centered at 

differential FOXA1 peaks depicting a 5-kb (heatmaps) or 1-kb (density plots) window around the peak 

center. Heatmap color depicts the ChIP-seq signal compared to the untreated condition (PreLNCaP), 

with blue indicating lower peak intensity and orange indicating higher peak intensity. (n = 2). (F) 

Representative example snapshots of FOXA1 ChIP-seq signal at two pre-enriched (left) and two post-

enriched (right) FOXA1 binding sites. Per genomic location, the pre- and post-treatment FOXA1 ChIP-

seq signal from one patient (DAR45; top), as well as the signal in all tested cell line models (bottom) is 

shown (n = 2). Y-axis indicates ChIP-seq signal in FPKM. (G) Correlation heatmap based on FOXA1 peak 

occupancy. Clustering of the samples is based on all called peaks and represents Pearson correlations 

between individual ChIP-seq samples. The column color bars indicate the ChIP-seq condition (PreLNCaP, 

PostLNCaP, ResLNCaP-42D) and replicate information (Rep1, Rep2). (H) Principal component analysis (PCA) 

plot based on FOXA1 peak occupancy. Each dot represents a ChIP-seq sample that is colored per 

condition (n = 2).
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Supplementary Figure S17: Functional mapping of enhancer activity at differential FOXA1 sites. (A) 

Tornado plots (bottom) and average density plots (top) visualizing STARR-seq signal at differential 

FOXA1 binding sites in LNCaP cells treated with DHT or ENZ (n = 2). Shown are regions with non-

significant enhancer activity changes upon ENZ treatment (n = 968). Data are centered at differential 

FOXA1 peaks depicting a 1-kb window around the peak center. Color depicts the STARR-seq signal 

(readcounts). (B) Same as in (A), but applying k-means clustering (n = 3) to the regions with sustained 

activity upon ENZ, dividing this set of binding sites into active (Cluster 1-2) and inactive (Cluster 3) 

enhancers. (C) Dot plots representing ranked GIGGLE similarity scores for transcriptional regulators 

identified at active (top) or inactive (bottom) FOXA1 sites. The top 20 identified factors are shown, 

and the 4 most enriched factors are labeled.
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Supplementary Figure S18: FOXA1-dependent treatment-induced upregulation of ARNTL. (A) 

Western blot showing ARNTL protein levels in LNCaP and LNCaP-42D cells following treatment with 

synthetic androgen (R1881) and/or ENZ for 48 hours. ARNTL overexpression (in LNCaP-42D cells) 

as well as stainings for PSA and ACTIN are included as controls for antibody staining, hormonal 

treatment and protein loading, respectively. Images are representative of three independent 

experiments. (B) Bar graphs depicting relative FOXA1 (left) and ARNTL (right) mRNA levels in LNCaP-

42D cells transfected with non-targeting siRNA (siNT) or siFOXA1 with and without ENZ treatment 

for 48 hours. Data is shown relative to the untreated (– ENZ) siNT condition (n = 3). ns, P > 0.05; *, 

P < 0.05; ****, P < 0.0001 (two-way ANOVA followed by Tukey multiple comparisons test).

Supplementary Figure S19: Characterizing the ARNTL cistrome in hormone-naïve and ENZ-

resistant PCa cell lines. (A) Boxplot showing the number of ARNTL peaks per ChIP-seq condition 

(PreLNCaP, PostLNCaP, ResLNCaP-42D). Peak calling was performed over matched cell line input control 

samples. (B) Representative example snapshots of ARNTL ChIP-seq signal at canonical circadian 

rhythm genes. The average of two biological replicates is represented. Y-axis indicates ChIP-seq 

signal in FPKM. (C) Pie chart showing the genomic distribution of ARNTL consensus sites (shared 

across all conditions; n = 1,515 sites). The corresponding Venn diagram is shown in Figure 6E. (D) 

Representative example snapshots of ARNTL ChIP-seq signal at two post-enriched FOXA1 binding 

sites. Per genomic location, the pre- and post-treatment FOXA1 ChIP-seq signal from one patient 

(DAR45), as well as the ARNTL signal in all tested cell line models (bottom) is shown (n = 2). Y-axis 

indicates ChIP-seq signal in fragments per kilobase per million reads mapped (FPKM). (E) Correlation 

heatmap based on ARNTL peak occupancy. Clustering of the samples is based on all called peaks 

and represents Pearson correlations between individual ChIP-seq samples. The column color bars 

indicate the ChIP-seq condition (PreLNCaP, PostLNCaP, ResLNCaP-42D) and replicate information (Rep1, Rep2). 

(F) Principal component analysis (PCA) plot based on ARNTL peak occupancy. Each dot represents 

a ChIP-seq sample that is colored per condition (2 replicates each). ▶
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Supplementary Figure S20: Functional interaction between FOXA1 and ARNTL in PCa cell lines. 

(A) Volcano plot depicting ARNTL interactors in ENZ-treated LNCaP (PostLNCaP) cells over IgG isotype 

control. Significantly enriched interactors are highlighted, and significance cutoffs are shown as 

dotted lines [label-free quantification (LFQ) difference ≥  1.8; P ≤ 0.05; n = 4]. (B) Western blots 

indicate FOXA1 and ARNTL protein levels in LNCaP (left) and LNCaP-42D (right) cell lysates used 

for ChIP-seq analysis upon siRNA-mediated silencing of FOXA1 and ENZ treatment. Transfection 

with siNT and staining for ACTIN are included as controls for siRNA treatment and protein loading, 

respectively. Images are representative of two independent experiments. *, indicates an unspecific 

band. (C-D) Venn diagrams showing the overlap between ARNTL and FOXA1 cistromes in ENZ-treated 

LNCaP-42D (C) and LNCaP cells (D). (E) Stacked bar chart (top) indicating the fraction of ARNTL 

binding sites in ENZ-treated LNCaP cells (PostLNCaP) that are ARNTL unique (n = 2,168) or shared with 

FOXA1 (n = 2,208). Tornado plots (lower left) and average density plot (lower right) visualize ARNTL 

ChIP-seq signal [in fragments per kilobase per million reads mapped (FPKM)] at ARNTL unique or 

ARNTL-FOXA1 shared binding sites in LNCaP cells upon transfection with non-targeting siRNA (siNT) 

or siFOXA1. Data are centered at ARNTL peaks depicting a 5-kb (heatmaps) or 1-kb (density plots) 

window around the peak center. (n = 2)
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◀ Supplementary Figure S21: ENZ-induced ARNTL reprogramming and acquired dependency in 

treatment-resistant models. (A) Representative example snapshots of ARNTL ChIP-seq signal at 

promoter regions of NEPC markers and disease drivers. The average of two biological replicates is 

represented. Y-axis indicates ChIP-seq signal in fragments per kilobase per million reads mapped 

(FPKM). (B) Bar graphs show response of wildtype (WT) and ARNTL-overexpressing (ARNTL OE) 

LNCaP (left) and LNCaP-42D (right) cells to increasing concentrations of ENZ. (C) Bar chart (top) 

showing relative cell viability of LNCaP-ResV (left) and LNCaP-ResA (right) cells upon transfection 

with non-targeting siRNA (siNT) or siARNTL, and exposure to ENZ. Treatment is indicated and data 

is shown relative to the untreated (– ENZ) siNT condition per cell line (n = 3). Western blots (bottom) 

indicate ARNTL protein levels in LNCaP-ResV (left) and LNCaP-ResA (right) cells following siRNA-

mediated silencing of ARNTL for 48 hours. Transfection with siNT and staining for ACTIN are included 

as controls for siRNA treatment and protein loading, respectively. Images are representative of three 

independent experiments. ns, P > 0.05; **, P < 0.01; ****, P < 0.0001 (two-way ANOVA followed by Tukey 

multiple comparisons test). (D) Western blots indicate ARNTL protein levels in LNCaP (left), LNCaP-

42D (middle) and LNCaP-ResA (right) cells upon CRISPR/Cas9-mediated ARNTL knockout (sgARNTL) 

or in non-targeting control cells (sgNT). Staining for ACTIN is included as a loading control and 

images are representative of three independent experiments. (E) Growth curves depict proliferation 

of ARNTL knockout cells (sgARNTL) or non-targeting control cells (sgNT) upon treatment with ENZ 

(n = 2). ns, P > 0.05; *, P < 0.05 (one-way ANOVA followed by Tukey multiple comparisons test). (F) 

Growth curves depict tumor volume (measured 3 times per week using calipers) of non-targeting 

control (sgNT) or ARNTL knockout (sgARNTL) LNCaP (top) and LNCaP-ResA (bottom) xenografts 

upon treatment with vehicle-alone (LNCaP: sgNT +Veh: n = 4, sgARNTL +Veh: n = 4; LNCaP-ResA: 

sgNT +Veh: n = 4, sgARNTL +Veh: n = 2) or ENZ (LNCaP: sgNT +ENZ: n = 4, sgARNTL +ENZ: n = 3; 

LNCaP-ResA: sgNT +ENZ:  n =3, sgARNTL +ENZ: n = 2). ns, P > 0.05; *, P < 0.05; ***, P < 0.001; ****, 

P < 0.0001 (t test).

Supplementary Figure S22: GR involvement at post-treatment FOXA1 sites. (A) Boxplots showing 

normalized NR3C1 (GR) gene expression before and after 3 months of neoadjuvant ENZ treatment. 

****, P < 0.0001 (Mann-Whitney U test). (B) Boxplots depicting normalized NR3C1 gene expression 

in ENZ non-responders (BCR ≤ 6 months; n = 8) and responders (no BCR; n = 29) in the pre- (left) 

and post-treatment (right) setting separately. ns, P > 0.05 (Mann-Whitney U test). (C) Tornado plots 

(left) and average density plots (right) visualizing GR ChIP-seq signal [in fragments per kilobase per 

million reads mapped (FPKM)] in LREX’ PCa cells at pre-enriched and post-enriched FOXA1 binding 

sites identified in patients upon neoadjuvant ENZ treatment. Data are centered at differential FOXA1 

peaks depicting a 10-kb (heatmaps) or 1-kb (density plots) window around the peak center. (n = 3). (D) 

Venn diagram indicating the overlap of differential FOXA1 binding sites (pre-ENZ, post-ENZ) with the 

GR cistrome identified in LREX’ PCa cells49. (E) Bar chart (top) showing relative cell viability of LNCaP, 

LNCaP-42D, LNCaP-ResV and LNCaP-ResA cells upon transfection with non-targeting siRNA (siNT) 

or siGR, and exposure to ENZ. Treatment is indicated and data is shown relative to the untreated 

(– ENZ) siNT condition per cell line (n = 3). Western blots (bottom) indicate GR protein levels in all 

models following siRNA-mediated silencing of GR for 48 hours. Transfection with siNT and staining 

for ACTIN are included as controls for siRNA treatment and protein loading, respectively. Images 

are representative of three independent experiments. ns, P > 0.05; *, P < 0.05; **, P < 0.01 (two-way 

ANOVA followed by Tukey multiple comparisons test). ▶
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Abstract

Grade group 1 (GG1) primary prostate cancers with a pathologic Gleason score of 6 

are considered indolent, generally not associated with fatal outcome and therefore 

treatment is not indicated for most cases. These low-grade cancers have an overall 

negligible risk of locoregional progression and metastasizing to distant organs, which 

is why there is an ongoing debate about whether these lesions should be reclassified 

as “non-cancerous”. However, the underlying molecular activity of key disease drivers, 

such as the Androgen Receptor (AR), have thus far not been thoroughly characterized 

in low-grade tumors. Therefore, we set out to delineate the AR chromatin binding 

landscape in low-grade GG1 prostate cancers to gain insights into whether these AR-

driven programs are actually tumor-specific or rather normal prostate epithelium-like. 

These analyses showed that GG1 tumors do not harbor a distinct AR cistrome and, 

similar to higher-grade cancers, AR preferentially binds to tumor-defining cis-regulatory 

elements. Furthermore, the enhancer activity of these regions and the expression of 

their respective target genes were not significantly different in GG1 tumors, which – 

from an epigenetic perspective – supports the cancer designation currently given to 

these low-grade tumors and clearly distinguishes them from non-cancerous benign 

tissue.

Patient summary

We carried out an in-depth characterization of the molecular activity of prostate cancer 

disease driver Androgen Receptor in low-grade tumors, which positioned these lesions 

as bona fide cancer and clearly separates them from benign prostate epithelium despite 

their clinical inoffensiveness.
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Main

Adenocarcinoma of the prostate (PCa) is the second most common cancer in men, with 

almost 1.5 million newly diagnosed patients each year1. Most patients present with organ-

confined disease, which can potentially be cured with loco-regional therapies, such as 

surgery (radical prostatectomy) or radiotherapy. However, approximately 30% of these 

patients will experience a rise in serum prostate-specific antigen (PSA) levels, which is 

referred to as a biochemical recurrence (BCR) and indicates a tumor relapse. At time 

of PCa diagnosis, tumor biopsies are histologically graded using the Gleason grading 

system2, which helps predict the prognosis of these patients. The Gleason score (GS) 

describes the two most common cell morphologies based on their differentiation status 

and ranges from GS6 (lowest grade = International Society for Urological Pathology 

grade group 1, ISUP GG1) to GS9/GS10 (highest grades = ISUP GG5). However, there 

is an ongoing debate regarding whether low-grade GG1 lesions should be considered 

cancerous or rather benign neoplasms, given their overall low risk to metastasize3. It 

remains unclear how best to classify GG1 lesions from a biological perspective – do they 

resemble non-cancerous prostate tissue or rather share characteristics of higher-grade 

PCa. Here, we set out to characterize the chromatin binding landscape of the Androgen 

Receptor – the main driver of PCa development and progression4 – in GG1 tumors 

specifically, to better understand if AR-driven programs in these low-grade lesions are 

more normal-like or exhibit tumor-specificity.

To address this, we analyzed AR chromatin immunoprecipitation sequencing (ChIP-seq) 

data5 obtained from primary PCa specimens from radical prostatectomy resections 

of 82 patients covering the whole ISUP grade group spectrum (GG1: n  =  17, GG2: 

n = 31; GG3: n = 11, GG4: n = 7, GG5: n = 16), reflecting the expected increased BCR 

rates with increasing GS (Fig. 1A; Supplementary Data) and exhibiting the expected 

molecular features, such as fusions of the ERG oncogene in half (51%) of the cohort 

(Supplementary Fig. S1A and S1B) and lower expression of tumor suppressor PTEN in 

patients with higher grade disease (Supplementary Fig. S1C-S1E). We further integrated 

the AR cistromics (Fig. 1A) with ChIP-seq data on the active enhancer and promoter 

histone mark H3K27ac (Supplementary Table S1) as well as gene expression data (RNA-

seq) obtained from the same clinical specimens (Supplementary Table S2). To assess 

whether GG1 tumors harbor a distinct AR cistrome, we performed an unsupervised 

differential binding analysis on all AR ChIP-seq samples, which revealed no obvious 

clustering by grade group (Fig. 1B and 1C) and largely overlapping chromatin binding 

intervals (Fig. 1D; Supplementary Fig. S2A and S2B) and motif enrichment (Fig.1E), 

suggesting that, based on AR-chromatin interactions, GG1 tumors do not represent a 

different biological entity as compared to higher grade lesions. Supervised analyses 
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directly comparing GG1 and GG5 lesions revealed a subset of GG1-enriched binding sites 

(Supplementary Fig. S2C; Supplementary Table S3) that showed, however, no overlap 

with AR sites specific to normal prostate epithelium (Supplementary Fig. S2D). These 

data indicate that GG1-specific AR-regulated enhancers are distinctly different from 

cis-regulatory elements found in healthy tissue.

Figure 1: AR chromatin binding landscape in GG1 tumors is enriched for tumor-defining regulatory 

elements. (A) Study design and cohort overview. Multi-omics profiling consisting of (I) Androgen 

Receptor (AR) ChIP-seq, (II) H3K27ac ChIP-seq, and (III) gene expression profiling (RNA-seq) has 

been performed on prostate cancer tissue specimens from 82 patients5. The proportion of patients 

with a biochemical recurrence (BCR) is shown, stratified according to their respective ISUP grade 

group (GG1, GG2, GG3, GG4, GG5). (B) Correlation heatmap based on peak occupancy. Clustering 

of the samples (n = 82) is based on all called peaks and represents Pearson correlations between 

individual ChIP-seq samples. The column color bars indicate the grade group (GG1, GG2, GG3, GG4, 

GG5) and BCR status (Controls, Cases, NA). (C) Principal component analysis (PCA) plot based on peak 

occupancy. Each dot represents a ChIP-seq sample that is colored per grade group. (D) Venn diagram 

indicating the overlap of AR binding sites between GG1 and GG5 ChIP-seq samples, highlighting 

grade group-specific and common binding sites. For each group, the union of identified peaks was 

included. (E) Dot plot representing motif enrichment (z-score) at GG1-specific, GG1/GG5-common 

and GG5-specific AR binding sites depicted in (D). Dots are colored based on motif and sized based 

on significance (P-value). (F) Profile plots (top) and tornado plots (bottom) visualizing AR ChIP-seq 

signal at N- ARBS (n = 2,690), T-ARBS (n = 9,181) and Met-ARBS (n = 17,626) in GG1 tumors sorted by 

BCR status (left, controls: no BCR within 10 years after diagnosis; right, cases: BCR within 5 years after 

diagnosis), and a healthy prostate epithelium sample and a GG5 (P268T) prostate cancer as controls. 

Data are centered at ARBS depicting a 1-kb window around the peak center. Y-axes of profile plots 

and color scale indicate ChIP-seq signal in reads per genomic content (RPGC). (G) Boxplot indicating 

AR ChIP-seq counts in GG1 tumors at N-ARBS, T-ARBS and Met-ARBS. ****, P < 0.0001 (two sample t 

test). (H) Scatterplot showing correlation of AR ChIP-seq counts at T-ARBS between low-grade GG1 

and high-grade GG5 tumors. Linear trend with confidence interval and Pearson correlation coefficient 

(R = 0.89, P < 0.0001) are shown. (I) Profile plots indicating AR ChIP-seq signal (RPGC) in GG1 tumors 

of cases (BCR within 5 years after diagnosis) and controls (no BCR within 10 years after diagnosis) 

at N-ARBS (left), T-ARBS (middle) and Met-ARBS (right) separately. ▶
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Given the importance of AR in driving context-dependent epigenomic and transcriptional 

programs that characterize normal prostate epithelium, primary tumors and metastatic 

lesions, we next investigated whether genome-wide AR binding in GG1 specimens is 

enriched for AR binding site (ARBS) profiles that hallmark a tumor (T) versus normal 

(N) state6 (Supplementary Table S4). While healthy prostate tissue was strongly enriched 

for N-ARBS signal, GG1 lesions showed strongest AR binding at T-ARBS (Fig. 1F and 1G), 

phenocopying profiles observed in high-grade GG5 samples (Fig. 1H). These data further 

demonstrate that low-grade GG1 lesions harbor tumor- rather than healthy prostate 

epithelium-defining genomic AR programs. Since our cohort included patients with GG1 

tumors that either did or did not develop a BCR within 5 years after diagnosis (cases 

and controls, respectively; Fig. 1A), we next hypothesized that these cases with future 

relapse, may be enriched for tumor-specific T-ARBS and particularly for more late-stage 

metastases-specific ARBS (Met-ARBS) signal7. To test this hypothesis, we also assessed 

the AR chromatin occupancy at Met-ARBS (Fig. 1F), and although the overall signal was 

rather low as expected for primary disease (Fig. 1G), we did observe a significant increase 

at these more aggressive metastatic binding sites in GG1 cases versus controls, which 

was accompanied by an increase in T-ARBS and no difference in N-ARBS signal (Fig. 1I). 

Notably, while the enrichment for T-ARBS and Met-ARBS signal was detected in both, GG1 

cases and controls, the signal strength at these tumor-specific ARBS was significantly 

elevated in patients with future relapse and could help identify and stratify these cases 

(Fig. 1F, 1G and 1I; Supplementary Fig. S3A-C; Supplementary Fig. S4A).

Taken together, our analyses reveal that low-grade GG1 lesions do not harbor a distinct 

healthy prostate epithelium-like AR chromatin binding landscape that could explain 

their favorable prognosis but are rather enriched for tumor-defining AR-driven 

programs – similar to higher grade tumors.

Next, we investigated whether AR binding to T-ARBS was accompanied by changes in 

activity of these cis-regulatory elements as well as the target genes that are under their 

control. Therefore, we first examined the H3K27ac signal at T-ARBS, which revealed a highly 

comparable signal strength between low-grade GG1 and high-grade GG5 lesions (Fig. 2A 

and 2B). Similar to the increase in AR signals in GG1 cases versus controls, we also observed 

elevated H3K27ac at T-ARBS (Fig. 2C) in cases versus controls, while H3K27ac at N-ARBS 

and Met-ARBS was decreased and unchanged, respectively (Supplementary Fig. S4B).

Having shown prevalence of tumor-defining genomic features in low-grade lesions, 

we next sought to characterize whether the expression of the distal target genes 

associated could stratify GG1 tumors from higher grade lesions. Therefore, we made 

use of a T-ARBS gene set we previously identified, which was generated by integrating 
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differential gene expression with AR chromatin profiles that were gained during 

tumorigenesis [referred to as Gained in Tumor (GiT) genes8]. However, the expression 

of these tumor-specific AR-driven genes (n = 102; Supplementary Table S5) did not 

separate GG1 samples from higher grade lesions (Fig. 2D), but rather clustered them 

independent of their grade group (Fig. 2E) and revealed lower expression in controls 

and higher expression in cases (Supplementary Fig. S5A-C). Similarly, when performing 

differential gene expression analysis between GG5 and GG1 tumors (Supplementary 

Table S6), we observed enrichment of expected gene sets for high-grade (e.g., 

epithelial-mesenchymal transition and cell cycle-related gene ontology terms) or low-

grade lesions (e.g., metabolic pathways and canonical – not tumor-specific – androgen 

response), clearly highlighting the aggressiveness of poorly differentiated high-risk 

disease (Supplementary Fig. S5D-F). However, projecting the expression of tumor-

determining AR-regulated genes on top revealed that most of these T-ARBS genes 

(89/102) were not differentially expressed between these grade groups (Fig. 2F), 

further illustrating that also low-grade lesions express tumor-specific gene sets. Overall, 

these analyses demonstrate that not only the tumor-specific cistromic but also the 

transcriptomic activity of AR in low-grade lesions is not enriched for normal prostate 

epithelium-specific signaling, but rather shows high concordance with high-grade 

prostate cancer.

Although higher-grade tumors exhibit molecular characteristics not observed in low-

grade lesions, ultimately resulting in their more aggressive phenotype and poorer clinical 

outcome, GG1 tumors are clearly distinguishable from healthy prostate epithelium. 

Previous studies have shown that GG1 tumors share morphological features with higher 

grade Gleason patterns, and also genomic alterations, such as PTEN deletions and 

MYC amplifications that are typically enriched in aggressive PCa, can be detected in 

these low-grade samples9,10. We now provide evidence that the epigenetic features 

of prostate cancer driver AR that hallmark primary adenocarcinomas as opposed to 

normal prostate epithelium, along with the genes it controls, are not distinct in GG1 

tumors but, in contrast, are highly comparable between low- and high-grade disease, 

positioning grade group 1 (Gleason score 6) lesions as bona fide cancers from an 

epigenetic perspective.
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Figure 2: Enhancer activity and gene expression of tumor-specific AR targets are highly comparable 

between low- and high-grade prostate cancers. (A) Violin plot indicating H3K27ac ChIP-seq signal at 

T-ARBS of GG1 and GG5 tumors. ns, P > 0.05 (two sample t test). (B) Scatterplot showing correlation 

of H3K27ac ChIP-seq counts at T-ARBS between low-grade GG1 and high-grade GG5 tumors. Linear 

trend with confidence interval and Pearson correlation coefficient (R = 0.96, P < 0.0001) are shown. 

(C) Boxplot indicating H3K27ac ChIP-seq counts at T-ARBS in GG1 tumors of cases (BCR within 5 years 

after diagnosis) and controls (no BCR within 10 years after diagnosis). ****, P < 0.0001 (paired t test). 

(D) Principal component analysis (PCA) plot based on expression of a T-ARBS gene set8. Each dot 

represents an RNA-seq sample (n = 91) that is colored per ISUP grade group. Ellipses are based on 

the 80% confidence interval. (E) Unsupervised hierarchical clustering of RNA-seq samples based on 

the expression of T-ARBS genes. The color scale indicates gene expression (z-score), and the column 

color bars indicate the grade group (GG1, GG2, GG3, GG4, GG5) and BCR status (Controls, Cases, NA) 

per sample. (F) Volcano plot depicting differential gene expression between low-grade GG1 (left) and 

high-grade GG5 tumors (right). Significantly differentially expressed genes and T-ARBS genes are 

highlighted. Significance cutoffs are shown as dotted lines [log Fold Change (FC) between GG1 and 

GG5 ≥ 1; P ≤ 0.05], and T-ARBS genes passing this threshold are labeled.
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Supplementary data

Cohort and tissue samples

The presented prostate cancer patient cohort included cases that underwent 

radical prostatectomy between 2001 and 2008. Of note, during this period no active 

surveillance protocol existed at IPO Porto, which is why also low-risk GG1 (GS6) patients 

were submitted to prostatectomy. For all patients, prostate cancer tissue was systematic 

collected and sampled using a strategy which enables a very precise localization of 

tumor foci in frozen tissue. In brief, each prostate specimen was sectioned immediately 

after surgery, by an experienced uropathologist, using a long sharp blade resulting in 

the apex region with about 1 cm depth and transversal parallel slices of the remainder 

prostate gland with approximately 6-7 mm in thickness. Then, each slice was cut into 

quadrants and each quadrant was halved, providing a section which was immediately 

placed in a cassette and immersed in neutral buffered formalin for formalin fixation, 

processing, paraffin embedding and histopathological examination, and a “twin” 

fragment which was snap frozen. The reference in each of these tissue sections 

allowed for easy referral. Then, histopathological examination of FFPE sections enabled 

adequate grading and staging, as well as identification of the index tumor. Subsequently, 

a 5-µm thick section was cut in the corresponding “twin” frozen fragment in a cryostat 

and stained with HE for localization of the representative area of the tumor. Then, the 

frozen tissue block was trimmed to maximize the yield of target cells (> 70% of tumor 

cells), and an average of 50 x 12-µm thick sections were cut, interspersed at every fifth 

section with a 5-µm thick section for HE staining to control for percentage of target cells. 

The collected tissue was subsequently processed for nucleic acid extraction, minimizing 

cell death and autolysis, and providing optimal histopathological assessment as well as 

high-quality DNA and RNA samples for ChIP-seq and RNA-seq analyses, respectively. 

Furthermore, Gleason score 7 (GG2 + GG3) tumors were thoroughly revised to look 

for the presence of cribriform morphology, which was apparent in 12 out of 31 GG2 

(39%) and 7 out of 11 GG3 (64%) tumors (see Supplementary Table S7). Biochemical 

recurrence (BCR) was defined as two consecutive rises in serum PSA of ≥ 0.2 ng/mL 

during follow-up.

ChIP-seq

For analysis of AR and H3K27ac ChIP-seq data, all 88 samples for which both cistromic 

data-streams are available and which passed the original quality controls metrics5 

were re-aligned to the human reference genome hg38 using Burrows-Wheeler Aligner 

(v0.5.10)11. Reads were filtered based on mapping quality (MAPQ ≥ 20) and duplicate 

reads were removed. Peak calling over mixed input controls were performed using 

MACS2 (v2.1.2)12. AR tissue ChIP-seq samples with more than 100 peaks called (n = 82), 
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and matched H3K27ac samples, were included in the final analyses. The DiffBind R 

package (v3.6.1) was used to generate correlation heatmaps and PCA plots based on 

chromatin occupancy, to generate union peaklists13, and to generate Venn diagrams to 

illustrate peaklist overlaps. Genome browser snapshots were generated using EaSeq 

(v1.101)14. Motif enrichment analyses were performed using the SeqPos motif tool on 

Galaxy Cistrome15. ARBS6,7 were converted between assemblies (from hg19 to hg38), 

using the UCSC genome browser liftOver tool16. AR and H3K27ac ChIP-seq counts at 

N-ARBS, T-ARBS and Met-ARBS were quantified using deepTools17 multiBigwigSummary 

(v3.5.1). The DiffBind R package (v3.6.1) was used to generate correlation heatmaps 

and PCA plots based on AR peak occupancy, to perform differential binding analysis 

between GG1 and GG5 samples using an FDR < 0.05, and to generate union peak lists13. 

Signal differences between GG1 samples at different ARBS subsets, or across samples 

stratified by grade group, were visualized using the ‘boxplot’ or ‘vioplot’ function in 

R, respectively. Statistical differences were determined using a Mann-Whitney U test 

(not paired) or Wilcoxon signed-rank test (paired). For tornado or profile plots, the AR 

or H3K27ac signal at different genomic regions (ARBS subsets) were calculated using 

deepTools computeMatrix and plotted using the deepTools plotHeatmap or plotProfile 

functions. For profile plots, GG1 samples of cases or controls were first merged and 

down-sampled before the signal scores were calculated. The healthy prostate epithelium 

control sample (Patient1_healthy_ARChIP; wz2116) is available via the European 

Genome-phenome Archive (EGA) under the accession number EGAS0000100392818. 

Scatterplot showing correlation of AR or H3K27ac signal at T-ARBS in low-grade GG1 

and high-grade GG5 samples were plotted using ‘ggplot2’ (v3.3.6; https://CRAN.R-

project.org/package=ggplot2). Samples were colored by ISUP grade group using the 

‘Chevalier1’ color palette of the ‘wesanderson’ R package (v0.3.6; https://cran.r-project.

org/web/packages/wesanderson/), supplemented with the R color ‘lightslategrey’ for 

GG5 tumors.

RNA-seq

Heatmaps of gene expression data5 were created using the aheatmap function from 

the R package NMF (v0.22.0)19 with a color scheme from RColorBrewer (v1.1-2; https://

CRAN.R-project.org/package=RColorBrewer). All genes identified in the original T-ARBS 

gene set8 and expressed in this gene expression data set (n =  102) were used for 

downstream analyses. T-ARBS gene expression differences between GG1 cases and 

controls, or across grade groups, were visualized using the ‘boxplot’ function in R and 

significance of expression level differences were determined using a Wilcoxon signed-

rank test (paired). Differentially expressed genes between low-grad GG1 and high-grade 

GG5 tumors were identified using an EdgeR20 (v3.18.1)-Limma21 (3.34) workflow and 

visualized in a volcano plot in R with the following significance cut-offs: log Fold Change 
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(FC) between GG1 and GG5 ≥ 1, and P ≤ 0.05. Gene set enrichment was performed using 

pre-ranked GSEA22 based on the expression fold change (GG5 vs. GG1) calculated with 

EdgeR-Limma. For visualization, GSEA plots were re-plotted using the ‘ReplotGSEA’ R 

function (https://github.com/PeeperLab/Rtoolbox/blob/master/R/ReplotGSEA.R).



160   |   Chapter 4

Supplementary tables

Due to print size limitations, all supplementary data tables are available upon request 

from Andries M. Bergman (a.bergman@nki.nl) or Wilbert Zwart (w.zwart@nki.nl).

Supplementary Table S1: 	 ChIP-seq samples (hg38).

Supplementary Table S2: 	 RNA-seq samples.

Supplementary Table S3: 	 Differential AR binding sites between GG1 and GG5 

tumors.

Supplementary Table S4: 	 ARBS subsets (lifted over to hg38).

Supplementary Table S5: 	 Expression of T-ARBS genes.

Supplementary Table S6: 	 Differentially expressed genes (GG5 vs. GG1).

Supplementary Table S7: 	 Cribriform growth patterns in GG2 and GG3 ChIP-seq 

samples.
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Supplementary figures

Supplementary Figure S1: Expression of oncogene ERG and tumor suppressor PTEN in the 

PORTO cohort. (A) Density map illustrating the distribution of ERG expression across all patients, 

demonstrating the expected two populations: low ERG-expressing (49%) tumors and high ERG-

expressing tumors (51%), which indicates ERG fusion events, such as TMPRSS2-ERG5,23. Z-score cut-off 

(low: ≤ 6; high: > 6) is indicated. (B) Stacked bar graph showing the distribution of low- and high-ERG 

expressing tumors across ISUP grade groups. (C) Density map illustrating the distribution of PTEN 

expression across all patients, demonstrating primarily high-expressing tumors (83%) and fewer 

low-expressing tumors (17%). Z-score cut-off (low: ≤ 6.125; high: > 6.125) is indicated. (D) Stacked bar 

graph showing the distribution of low- and high-PTEN expressing tumors across ISUP grade groups. 

(E) Boxplot indicating PTEN expression across ISUP grades, which shows significantly lower PTEN 

levels in higher grade tumors (GG4/GG5) as compared to GG1. *, P < 0.05 (Mann–Whitney U test).
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Supplementary Figure S2: AR cistromics across grade groups. (A) Venn diagram indicating the 

overlap of AR binding sites between GG1, GG2/GG3, GG4 and GG5 ChIP-seq samples. For each grade 

group, the union of identified peaks was included. (B) Representative example snapshots of AR 

ChIP-seq signal at two genomic locations shared across all grade groups [n = 18,330; depicted in 

(A)]. Y-axis indicates ChIP-seq signal in fragments per kilobase per million reads mapped (FPKM). 

(C) Coverage heat map depicting differential AR binding sites significantly enriched in GG1 lesions as 

compared to GG5 tumors (n = 1,712). The color scale indicates the score, and the column color bars 

indicate the grade group (GG1, GG5) and BCR status (Controls, Cases, NA) per sample. (D) Overlap 

of GG1-enriched AR binding sites (C) with regulatory elements specifically occupied by AR in normal 

prostate epithelium (N-ARBS), indicating that AR chromatin interactions lost in high-grade disease 

(GG5) are not normal-like.
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Supplementary Figure S3: Enrichment for tumor-specific AR binding in low-grade GG1 tumors. 

Scatterplots showing correlation of AR ChIP-seq counts at T-ARBS (A), N-ARBS (B) and Met-ARBS 

(C) between tumors of GG1 controls and GG1 cases, indicating enrichment for T-ARBS and Met-ARBS 

signals in both, GG1 controls and cases, which is, however, stronger in cases with future relapse 

(skewing of the trendline away from the dashed diagonal toward the cases). Linear trends with 

confidence intervals and Pearson correlation coefficients are indicated.
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Supplementary Figure S4: AR-induced enhancer activity in low-grade GG1 tumors. (A) Boxplots 

indicating AR ChIP-seq counts [in reads per genomic content (RPGC)] at N-ARBS (left), T-ARBS 

(middle) and Met-ARBS (right) in GG1 tumors of cases (BCR within 5 years after diagnosis) and controls 

(no BCR within 10 years after diagnosis). ****, P < 0.0001 (paired t test). (B) Boxplots indicating 

H3K27ac ChIP-seq signal (RPGC) at N-ARBS (left) and Met-ARBS (right) in GG1 tumors of cases and 

controls. *, P < 0.05; ****, P < 0.0001 (paired t test).



Epigenomic charting of low-grade prostate cancer   |   165

4

Supplementary Figure S5: Expression of tumor-specific AR target genes in low- and high-grade 

prostate cancers. (A) Unsupervised hierarchical clustering of low-grade (GG1) RNA-seq samples based 

on the expression of T-ARBS genes. The color scale indicates gene expression (z-score), and the 

column color bars indicate the ISUP grade group (GG1) and BCR status (Controls, Cases, NA) per 

sample. (B) Boxplot indicating normalized expression of T-ARBS genes in GG1 tumors of cases (BCR 

within 5 years after diagnosis) and controls (no BCR within 10 years after diagnosis). **, P < 0.01 

(Wilcoxon signed-rank test). (C) Boxplot indicating normalized T-ARBS gene expression across 

grade groups. ns, P > 0.05; *, P < 0.05 (Wilcoxon signed-rank test). (D) Bar graph depicting gene 

set enrichment analysis (GSEA) results for Hallmark gene sets. Shown are the top 10 differentially 

enriched pathways (FDR ≤ 0.05) in GG1 (top) and GG5 (bottom). X-axis indicates the normalized 

enrichment score (NES). (E) Enrichment plots of the top 2 GG1-enriched Hallmark pathways: oxidative 

phosphorylation (left) and androgen response (right). Genes are ranked by differential expression 

between ISUP grades GG5 and GG1 based on patient RNA-seq data (GG5 vs. GG1). Y-axis indicates 

enrichment score (ES). GSEA statistics (FDR, ES, NES, nominal P-value) are shown. (F) Same as (E) 

but depicting the top 2 GG5-enriched Hallmark pathways: epithelial-mesenchymal transition (EMT; 

left) and mitotic spindle (right).
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Abstract

Prostate cancer development and progression is largely dependent on androgen 

receptor (AR) signaling. AR is a hormone-dependent transcription factor, which binds 

to thousands of sites throughout the human genome to regulate expression of directly 

responsive genes, including prosurvival genes that enable tumor cells to cope with 

increased cellular stress. ERN1 and XBP1 – two key players of the unfolded protein 

response (UPR) – are among such stress-associated genes. Here, we show that XBP1 

levels in primary prostate cancer are associated with biochemical recurrence in five 

independent cohorts. Patients who received AR-targeted therapies had significantly 

lower XBP1 expression, whereas expression of the active form of XBP1 (XBP1s) was 

elevated. In vitro results show that AR-induced ERN1 expression led to increased 

XBP1s mRNA and protein levels. Furthermore, ChIP-seq analysis revealed that XBP1s 

binds enhancers upon stress stimuli regulating genes involved in UPR processes, eIF2 

signaling and protein ubiquitination. We further demonstrate genomic overlap of AR 

and XBP1s binding sites, suggesting genomic conversion of the two signaling cascades. 

Transcriptomic effects of XBP1 were further studied by knockdown experiments, which 

lead to decreased expression of androgen-responsive genes and UPR genes. These 

results suggest a two-step mechanism of gene regulation, which involves androgen-

induced expression of ERN1, thereby enhancing XBP1 splicing and transcriptional 

activity. This signaling cascade may prepare the cells for the increased protein folding, 

mRNA decay and translation that accompanies AR-regulated tumor cell proliferation.
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Introduction

In eukaryotic cells, homeostasis between protein production and degradation is a 

tightly regulated process. This regulation is perturbed when unfolded or misfolded 

proteins build up in the endoplasmic reticulum (ER), which induces the unfolded protein 

response (UPR). Upon UPR activation, a distinct transcriptional program is induced that 

increases the production of chaperones and foldases to restore homeostasis. The UPR 

plays a key role in a large spectrum of diseases, including neurodegenerative disorders 

and this signaling cascade is also critically involved in many tumor types, including 

prostate cancer. 

Prostate cancer development and progression is largely dictated by androgen receptor 

(AR) action; a hormone-dependent transcription factor that binds the genome at 

thousands of sites, regulating gene programs involved in tumor cell proliferation. 

There is growing evidence of a link between the UPR and AR function, in which AR 

directly regulates the expression of ER stress-associated genes, including endoplasmic 

reticulum to nucleus signaling 1 (ERN1) and X-box binding protein (XBP1)1,2. XBP1 is a 

basic leucine zipper (bZIP) transcription factor, triggered by the onset of ER stress and 

other physiological processes such as lipid and cholesterol metabolism, energy control, 

inflammation and cell differentiation3. Beyond AR signaling in prostate cancer, XBP1 

gene expression is upregulated by other factors of the endocrine system, including 

parathyroid hormone stimulation in osteoblasts4, growth hormone in adipocytes5 and 

estradiol stimulation in breast cancer cells6. In addition to transcriptional control of 

XBP1, its function is also post-transcriptionally regulated through inositol-requiring 

enzyme (IRE1), which is encoded by the ERN1 gene (hereafter both the gene and protein 

are referred to as ERN1, for simplicity). When ERN1 senses stress, its RNase function 

is activated, allowing excision of 26 nucleotides of the XBP1 mRNA which leads to a 

frameshift3,7-9. Consequently, XBP1 exists in two isoforms; XBP1 unspliced (XBP1u) and 

XBP1 spliced (XBP1s). Both isoforms contain a DNA binding domain, but only XBP1s has 

a transactivation domain enabling transcriptional induction of UPR genes including 

DNAJB9 and SEC11C8,10,11. Even though the genome-wide chromatin binding features 

of XBP1 remain elusive in the context of prostate cancer, ChIP-on-ChIP and ChIP-seq 

analyses of XBP1 have been performed in other systems including skeletal muscle cells, 

breast cancer cells and liver tissue12-14. In these cells, XBP1 mainly binds promoters that 

contain ER stress response elements (ERSE: CCACG) or unfolded protein response 

elements (UPRE: ACGT)12-14. Besides regulating genes to maintain ER function, XBP1 

also drives cell-type specific gene expression profiles, such as the MIST gene in the 

myoblast cell line C2C12 to drive myogenic differentiation14. Whether XBP1 induces a 

prostate-specific transcriptional program remains unknown.
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In prostate cancer, XBP1 expression levels vary at different stages of the disease. XBP1 

expression is higher in primary prostate cancer compared to benign tissue, while 

its expression is lower in metastases relative to primary lesions15-17. Furthermore, 

XBP1 knockdown reduced growth of prostate cancer cell lines, irrespective of AR 

expression1,18,19. 

We previously identified a prognostic 9-gene classifier for prostate cancer outcome, 

which included XBP115. In this study, we further evaluated the prognostic value and 

biological function of XBP1 in prostate cancer. Low expression of XBP1 was consistently 

associated with biochemical progression in five independent cohorts. Using mRNA 

samples from a cohort of prostate cancer patients receiving neoadjuvant enzalutamide 

treatment, we could show that AR-targeted therapy reduced total XBP1 expression, 

while XBP1s levels were increased. Furthermore, in vitro assays showed that expression 

of both ERN1 and XBP1 and consequently XBP1 splicing is increased upon AR activation. 

ChIP-seq analysis revealed that spliced XBP1 binds the chromatin largely at promoters in 

the absence of hormonal cues, while AR activation induces XBP1s binding at enhancers 

that are co-occupied by AR to regulate genes involved in UPR processes and AR action. 

These findings illustrate a two-step mechanism of gene regulation, in which AR signaling 

through XBP1s primes the proliferating prostate tumor cell for increased protein folding, 

mRNA decay and protein translation.
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Results

XBP1 expression is correlated with disease progression and response to hormone 

therapy

We previously identified a prognostic 9-gene signature, which among other genes 

included the transcription factor XBP115. To further study the biological role of XBP1 in 

prostate cancer, we firstly evaluated the expression of XBP1 for prognostic relevance 

as a single gene by performing a meta-analysis of five publicly available datasets 

(743 cases and 170 events, in total). The patients were divided into low and high XBP1 

expression groups on the basis of the median XBP1 expression within each cohort. 

We then tested the association of XBP1 expression with biochemical progression after 

radical prostatectomy. The combined hazard ratio (HR) for the five cohorts in univariate 

analysis is 0.52 (95% confidence interval: 0.38-0.72), indicating that low expression 

of XBP1 is associated with higher chance of biochemical recurrence in patients 

diagnosed with primary prostate cancer (Fig. 1A; Table 1). The relationship between 

XBP1 expression and clinicopathological parameters for each cohort is summarized in 

Supplementary Table S1. Low XBP1 expression is associated with higher Gleason score, 

tumor stage and presence of lymph node metastasis in the TCGA cohort, while none 

of the clinical parameters reached significance in the other smaller cohorts.

As microarray probes do not distinguish between XBP1u and XBP1s, we further explored 

the RNA-sequencing data from the TCGA cohort. XBP1s expression was quantified 

by measuring the number of reads spanning the 26 bp-long spliced region. Patients 

with low-XBP1s-expressing tumors have similar biochemical progression-free survival 

compared to patients with high-XBP1s-expressing tumors (P = 0.476, logrank test; 

Supplementary Fig. S1A). Also, none of the clinical parameters were associated with 

XBP1s transcript levels (Supplementary Table S2).

Table 1: Results of Cox regression model.

Dataset Accession 

number

Patients 

(N)

Events 

(n)

Coefficient HR SE z 95% CI P-value

Taylor GSE21034 131 27 -0.79 0.45 0.40 -1.97 0.21-1.00 0.05

TCGA20 – 424 83 -0.53 0.59 0.23 -2.34 0.38-0.92 0.02

Gulzar GSE40272 82 19 -1.46 0.23 0.56 -2.59 0.08-0.70 0.00

Glinsky21 – 80 38 -0.59 0.55 0.33 -1.79 0.29-1.06 0.07

Boormans GSE41408 48 28 -0.34 0.71 0.38 -0.89 0.34-1.51 0.37

NOTE: Coefficient, Cox regression coefficient; HR, hazard ratio [exp(coef)]; SE, standard error; z, Wald 

statistic value; 95% CI, 95% confidence interval.
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As the 9-gene signature is based on differential AR chromatin binding between primary 

prostate tumors and tumors with an acquired resistance to hormone therapy, we 

examined the expression of the nine genes in tumors from seven patients with locally-

advanced/metastatic prostate cancer before androgen deprivation therapy (ADT) and 

~22 weeks after therapy initiation22. The clustering of the pre- and post-therapy samples 

by gene expression is displayed in a PCA biplot, showing that DNER and XBP1 expression 

are the two major contributors to the variance between pre- and post-therapy samples 

(Fig. 1B). Expression of XBP1 is downregulated following ADT (Supplementary Fig. S1B), 

which is in concordance with a recently reported neoadjuvant ADT study23. To study 

XBP1s in a neoadjuvant setting, we analyzed the expression of XBP1 by qPCR in 29 

paired pre-treatment core needle biopsy samples and post-treatment surgical 

resection samples from patients who received 3 months neoadjuvant enzalutamide 

(DARANA, NCT03297385). In this series, we confirmed the marked downregulation of 

XBP1 in post-treatment samples compared to matched pre-treatment biopsies (Fig. 

1C). Interestingly, XBP1s mRNA levels were significantly increased upon 3 months of 

enzalutamide treatment (Fig. 1C). A similar trend was observed in ADT-treated patients 

as well (Supplementary Fig. S1B), but did not reach statistical significance possibly due 

to the small sample size (n = 7).

Cumulatively, we found that XBP1 is decreased after hormonal therapy and low levels 

are associated with biochemical progression, while no prognostic value of XBP1s was 

observed. 

XBP1 splicing is mediated by androgen receptor signaling

Analyzing XBP1 transcript levels in clinical samples illustrated that XBP1 was altered 

upon androgen-targeted therapy. We therefore wondered whether XBP1 is a direct 

androgen-responsive gene. To assess this, hormone-deprived LNCaP cells were 

exposed to synthetic androgen R1881 for 8, 16 or 24 hours, after which RNA was isolated 

(Fig. 2A). Total XBP1 mRNA levels were slightly increased in a time-dependent manner, 

whereas the XBP1 spliced mRNA was significantly increased (Fig. 2A). As splicing of 

XBP1 is known to be mediated by the endoribonuclease ERN17,8, we also examined 

ERN1 expression. Upon exposure to R1881, transcript levels of ERN1 were elevated over 

time (Fig. 2A), concordant with a previous study1. Expression and splicing of XBP1 

was further confirmed in RNA-seq samples from LNCaP cells stimulated for 24 hours 

with R1881 or 3 hours with the ER stress inducer thapsigargin (Tg). The read count 

in exons and the splice junction reads were determined and plotted in Figure 2B. 

Expression of XBP1 was increased upon R1881 or Tg exposure, and splicing was clearly 

stronger induced (Fig. 2B). In addition, R1881-induced expression and splicing of XBP1 

was validated in VCaP cells (Supplementary Fig. S2A). 
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Figure 1: XBP1 expression is correlated with disease progression and response to hormone therapy. (A) 

Prognostic value of XBP1 expression represented by forest plot. The squares represent the hazard ratios 

of the individual studies and the horizontal lines the 95% confidence interval. The size of the squares is 

proportional to the number of patients in each study. The black diamond represents the overall hazard 

ratio. (B) Biplot of principal component analysis of the expression of the 9 genes (AMOTL1, DNER, EXT2, 

HSD17B14, KLF9, PMFBP1, RBM33, XBP1 and ZBTB20) in tumors from patients before (pre) and after 

(post) androgen deprivation therapy (GSE48403). The arrows depict the contribution of each gene 

to the variance of the data. (C) Relative XBP1 and XBP1s expression in paired samples from pre- and 

post-enzalutamide treated patients (n = 29, DARANA24). ***, P < 0.001 (paired t test).

To assess the role of AR in the transcription regulation of both ERN1 and XBP1 as well 

as the subsequent splicing of XBP1, we knocked down AR expression. Quantification 

analyses showed that AR expression levels were reduced by ~30-40% (Fig. 2C). 

Knockdown of AR abrogates androgen-induced ERN1 and XBP1s expression. In 

contrast, the levels of total XBP1 mRNA were only slightly affected upon AR knockdown 

followed by short-term R1881 stimulation. Consistent with the mRNA data, Western 

blot analysis showed that AR knockdown prevented R1881-mediated increase of ERN1 
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and XBP1s protein levels (Fig. 2D; Supplementary Fig. S2C), while XBP1u protein levels 

remain relatively unaffected (Supplementary Fig. S2C). In addition, we observed AR-

binding events in the first intron of ERN1 and in the region upstream of the XBP1 gene 

(Supplementary Fig. 2SB). 

In conclusion, these results indicate that AR drives the expression of XBP1 and ERN1 

and consequent splicing of XBP1. 

R1881- and Tg-induced XBP1s chromatin binding at genes involved in the unfolded 

protein response

To identify the biological role of XBP1s in prostate cancer cells, we performed ChIP-

seq for XBP1s in hormone-deprived LNCaP cells treated with either vehicle or R1881 

for 24 hours. XBP1s ChIP-seq was also carried out under ER stress conditions (3 hours 

of Tg stimulation), boosting XBP1s protein levels (Supplementary Fig. S3A). Two 

independent XBP1s ChIP-seq replicates were generated, which were highly correlated 

(Supplementary Fig. S3B and S3C). To rule out aspecific ChIP-seq signal coming from 

the XBP1s antibody, ERN1 knockout LNCaP cells were used as a negative control, 

as these cells do express XBP1 but are unable to splice the protein (Supplementary 

Fig. S4A and S4B). No XBP1s ChIP-seq signal was observed in ERN1 knockout LNCaP 

cells (Supplementary Fig. S4C and S4D), confirming the specificity of the used XBP1s 

antibody in the ChIP experiments. 

As exemplified at five genomic loci, XBP1s chromatin binding was induced upon R1881 

and Tg exposure (Fig. 3A). Overexpression of XBP1s resulted in induced expression of 

these XBP1s-bound genes (Supplementary Fig. S5A). Besides induced peak intensity 

also the number of XBP1s peaks increased from 702 in vehicle-treated cells to 3,228 and 

15,030 peaks in R1881 and Tg conditions, respectively (Fig. 3B). The induced binding of 

XBP1s upon R1881 and Tg stimulation is likely to reflect the abundance of XBP1s protein 

(Supplementary Fig. S3A; Supplementary Fig. S4B). 

Next, we divided the XBP1s binding sites in those present in all conditions (shared) 

and those that are either R1881-induced or Tg-gained. The shared sites displayed the 

strongest XBP1s binding as compared to R1881- and Tg-induced peaks (Fig. 3C and 

3D; Supplementary Fig. S5B). In addition, the shared XBP1s peaks show enrichment 

at promoters, marked with strong H3K4me3 and H3K27ac signal, and absence of AR 

binding (Fig. 3C, 3E and 3F). Conversely, R1881-induced sites are enriched at intronic 

and distal intergenic regions, with strong signal of AR binding (Fig. 3C, 3E and 3F). 

In line with these results, nuclear hormone receptor family motifs are enriched in this 

cluster (Fig. 3G). As expected for XBP1s ChIP-seq, we found significant enrichment 
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of the XBP1 motif consisting of an ACGT sequence in all clusters (Fig. 3G). Using the 

ReMap annotation tool containing a collection of various published ChIP-seq data 

sets25, we found a number of transcription factors whose binding sites overlapped 

with XBP1s, including other bZIP transcription factors (e.g., FOS, JUN, CREB3), AR and 

FOXA1 (Supplementary Fig. S6A and S6B).

Figure 2: AR signaling triggers splicing of XBP1. (A) Relative mRNA expression levels of ERN1, XBP1 

and XBP1s at 0, 8, 16 and 24 hours after R1881 stimulation. Shown is a representative experiment 

of two independent biological replicates. Error bars indicate standard deviation. (B) Splice junction 

tracks. Top: Exon-intron structure of XBP1u and XBP1s is shown. The arcs indicate splice junction reads 

and the height of the arc is proportional to the read counts in that area. The splicing region of the 

26-nucleotide (nt; shaded area) is enlarged. Bottom: Quantification of XBP1 splicing in RNA-seq data 

from LNCaP cells treated with vehicle (veh), R1881 (24 hours) or Thapsigargin (Tg; 3 hours). Y-axis 

indicates counts per million (cpm), and the average of two biological replicates is shown. (C) Relative 

mRNA expression levels of AR, ERN1, XBP1 and XBP1s in LNCaP cells transfected with siControl (siC) 

or siAR and treated for 24 hours with either vehicle or R1881. Shown are individual datapoints and 

mean of three independent biological replicates. Error bars indicate standard deviation. *, P < 0.05; 

***, P < 0.001 (2way ANOVA followed by Tukey multiple comparisons test). (D) Western blot showing 

AR, ERN1 and XBP1s expression in LNCaP cells transfected with siControl (siC) or siAR. Cells were 

vehicle- or R1881-treated for 24 hours. ACTIN was used as a loading control. A representative of three 

biological replicates is shown. 
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To identify XBP1s target genes, we scanned for genes with proximal XBP1s binding in a 

window of 20-kb upstream or within their gene body. Using ingenuity pathway analysis, 

we found that XBP1s target genes were enriched for genes involved in the unfolded 

protein response, eIF2 signaling and protein ubiquitination with no apparent differences 

between the subclusters (Fig. 3H). 

Taken together, these analyses revealed that XBP1s binds the chromatin largely at 

promoters in hormone-deprived conditions, while AR stimulation induces XBP1s binding 

at enhancers that are co-occupied by AR.

Figure 3: XBP1s chromatin binding in LNCaP cells. (A) Snapshots of XBP1s chromatin binding at five 

example loci for vehicle (red), R1881 (24 hours; green) and Tg (3 hours; blue) conditions. Genomic 

coordinates are indicated. (B) Venn diagram showing overlapping XBP1s binding sites for indicated 

treatments. (C) Heatmap visualizing ChIP-seq signal [fragments per kilobase pair per million reads 

(FPKM)] in vehicle, R1881 and Tg conditions for XBP1s as well as AR, H3K4me3 and H3K27ac ChIP-seq 

signal from publicly available datasets. Data are centered at XBP1s peaks, depicting a 5-kb window 

around the peak. Subclassification of the binding events represent XBP1s sites shared among all 

conditions (shared, 590 binding sites), R1881-induced (298 + 2,313 binding sites) and Tg-gained 

(12,064 binding sites). (D) Average XBP1s signal (in FPKM) at either shared, R1881-induced or Tg-gained 

regions. Data are centered at XBP1s peaks, depicting a 2.5-kb window around the peak center. Vehicle-

stimulated samples are shown in red, R1881-stimulated samples in green and Tg-stimulated samples 

in blue. (E) Average signal (in FPKM) for AR, H3K4me3 and H3K27ac at the three XBP1s binding 

site clusters defined in (C); shared, R1881-induced and Tg-gained. (F) Genomic distribution of XBP1s 

binding at shared, R1881-induced and Tg-gained regions across genomic features. (G) Enrichment 

of motifs at shared, R1881-induced and Tg-gained XBP1s binding sites. The font size represents the 

z-score and colors correspond to transcription factor families. (H) Top canonical pathways and top 

upstream regulators based on ingenuity pathway analysis of genes with proximal XBP1s binding. ▶
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Downregulation of androgen response genes and UPR genes upon knockdown 

of XBP1

By exploring gene expression of vehicle- and R1881- treated LNCaP cells, we identified 

934 differentially expressed genes upon 24 hours R1881 stimulation (P < 0.05 and 

absolute log
2 

fold change > 2.0), including the ERN1 gene among others. Gene set 

enrichment analysis demonstrated positive enrichment for genes involved in the 

unfolded protein response (UPR) as well as (as expected) AR target genes (Fig. 4A; 

Supplementary  Fig.  S8A). While XBP1s overexpression leads to upregulation of 

XBP1s target genes, no such effect can be observed when overexpressing the 

unspliced protein (Supplementary Fig. S5A; Supplementary Fig. S7A and S7B). AR 

target genes, however, remain unaffected when overexpressing either of the XBP1 

variants (Supplementary Fig. S7A and S7B). Conversely, knockdown of XBP1 resulted 

in significant downregulation of AR target genes and unfolded protein response 

genes (Fig. 4B; Supplementary Fig. S8B and S8C). These results were successfully 

validated in an independent RNA-seq dataset19 of LNCaP cells with siRNA-mediated 

XBP1 silencing (Supplementary Fig. S9A), as well as in LNCaP cells after treatment 

with an RNase-specific ERN1 inhibitor (Fig.  4C). In addition, upstream regulator 

analysis of the differentially expressed genes upon XBP1 knockdown revealed AR, 

dihydrotestosterone, ERN1 and XBP1 to be involved in transcriptional regulation of these 

genes (Supplementary Fig. S9B). 

In conclusion, AR induces the expression of many genes including ERN1 and XBP1, 

enhancing XBP1s activity (Fig. 5). Subsequently, these events drive expression of a 

subset of canonical AR-responsive genes along with activation of the unfolded protein 

response in prostate cancer cells (Fig. 5).
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Figure 4: AR-XBP1 transcriptional regulation of androgen response and unfolded protein response 

genes. (A) GSEA on RNA-seq data from LNCaP cells treated with vehicle or R1881 for 24 hours. 

Shown are enrichment plots of the Hallmark pathways androgen response (top) and unfolded protein 

response (bottom). Genes are ranked by differential expression between treatment conditions. Y-axis 

indicates enrichment score (ES). GSEA statistics (FDR, ES, NES) are shown. (B) Same as (A) but 

depicting RNA-seq data from LNCaP cells upon XBP1 knockdown. Cells were either transfected with 

siXBP1 or siControl (siC). (C) Same as (A) but depicting RNA-seq data from LNCaP cells treated with 

the ERN1 inhibitor (ERN1i) MKC8866 or vehicle for 24 hours.
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Discussion

Accumulating evidence has demonstrated that ER stress plays a crucial role in tumor 

growth and survival26. XBP1, a key transcription factor of the ER stress response, is 

often overexpressed in cancer and correlates with clinical outcome, as was previously 

reported for oral squamous cell carcinoma and hepatocellular carcinoma27,28. Here, 

we report that in five independent cohorts, high XBP1 expression associates with 

better biochemical recurrence outcome in patients with prostate cancer. Even 

though these data suggest a connection between ER stress and clinical outcome, 

the spliced form is the accurate biomarker for activated ER stress. Furthermore, 

since the unspliced form negatively regulates XBP1s29, biological interpretation of 

the clinical data is challenging. As the spliced mRNA showed no association with 

biochemical recurrence in the RNA-seq cohort (TCGA), these data suggest that 

XBP1 isoforms are differently associated with recurrence. Future studies should be 

aimed to further elucidate the clinical implications of both XBP1 isoforms. Further, 

as biochemical recurrence is a poor indicator of survival outcome, the potential 

impact of both XBP1 variants on disease-specific survival as a stronger clinical 

endpoint should be tested.

Previously, we reported that XBP1 mRNA levels are markedly increased in primary 

prostate cancer as compared to benign tissues and metastasis15. The variable 

expression level of XBP1 at the different stages of the disease as well as decreased 

XBP1 upon hormone therapy23 (Fig. 1C) may be AR signaling-dependent, as XBP1 is 

transcriptionally regulated by AR1 (Fig. 2). In concordance, Sowalsky and colleagues 

showed a positive correlation between AR activity score and XBP1 expression23. 

Also, in our cohort of prostate cancer patients receiving neoadjuvant enzalutamide 

therapy as well as in an additional publicly available cohort, receiving ADT22, 

XBP1 expression levels were decreased, further confirming the transcriptional 

dependency of XBP1 on AR action. As XBP1s levels were increased after neoadjuvant 

enzalutamide, cells may experience stress following AR inhibition, with a consequent 

induction of the UPR pathway. Further research should be aimed to investigate the 

physiological consequences of XBP1s induction after enzalutamide treatment, along 

with the potential clinical implications thereof.

Here we show, in agreement with previously published data, that both ERN1 as 

well as XBP1 are under direct transcriptional control of AR1, and that ERN1 is 

critically involved in the splicing of XBP1, yielding increased XBP1s levels (Fig. 2). 

Interestingly, even though we observed AR binding proximal to the XBP1 locus in 

primary prostate cancers15, XBP1s protein expression is primarily regulated at the 
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level of splicing through AR-induced ERN1. As AR activation led to increased XBP1 

splicing – a biomarker for UPR signaling – future research should address whether 

misfolded proteins do indeed accumulate in AR-stimulated prostate cancer cells.

Besides increased expression of AR target genes upon androgen stimulation, androgens 

also regulate the expression of ER stress-associated genes (Fig. 4)1,30. Most likely, XBP1s 

controls the expression of these genes, as XBP1s primarily binds at promoters of UPR 

genes leading to increased expression of these genes as shown by overexpression of 

XBP1s. In the absence of hormones, XBP1s binds the chromatin largely at promoters. In 

contrast, upon UPR induction through physiological (R1881) or supraphysiological (Tg) 

cues the majority of XBP1s is bound to distal regulatory elements. This phenomenon is 

also observed upon liver damage (stress), where XBP1s occupies mostly promoters in 

sham-operated mice livers, while partial hepatectomy resulted in XBP1s binding mainly 

at distal elements13. At XBP1s binding sites, DNA binding motifs of the bZIP transcription 

factor family were enriched as well as many other transcription factor family motifs, 

suggesting that XBP1 cooperates with other transcription factors. In accordance with 

this, we found genomic overlap between AR and XBP1 binding sites, and permuting 

these signaling cascades in prostate cancer cells illustrated enrichment of the same 

gene sets, involved in AR signaling and UPR pathways (Fig. 5). AR stimulation resulted 

in the upregulation of androgen- as well as UPR-response pathways, while XBP1 

knockdown showed, in effect, the exact opposite phenotype. As XBP1 acts downstream 

of AR, the XBP1 signaling cascade may provide a possible feedback mechanism to refine 

the activity for part of the canonical AR-responsive gene repertoire. However, XBP1 

overexpression alone did not lead to upregulation of AR-target genes, suggesting that 

XBP1’s supportive role at these sites remains dependent on AR activation. In addition, 

while most of our results point toward a functional role of XBP1s in AR biology, we 

cannot rule out potential involvement of the unspliced XBP1 isoform at this stage. 

Future studies should be undertaken to fully elucidate the relative contribution of each 

XBP1 variant in this process. 

Taken together, we present a multi-step mechanism of gene regulation, in which 

androgen-induced expression of ERN1 enhances XBP1 splicing and transcriptional 

activity. This signaling cascade may prepare the cells for the increased translation, 

protein (mis)folding and mRNA decay that accompanies AR-regulated tumor cell 

proliferation.
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Figure 5: Androgen-induced modulation of AR and XBP1s transcriptional activity. Testosterone binds 

to the androgen receptor (AR). Upon binding, AR dimerizes and translocates to the nucleus where it 

binds the chromatin, mainly at androgen response elements (AREs, turquoise). AR binds an enhancer 

proximal to XBP1 and an intron of the ERN1 gene, ultimately leading to increased expression of XBP1 

and ERN1. The AR-induced expression of ERN1, induces splicing of XBP1 (XBP1s). This subsequently 

leads to transcription of genes involved in, among others, the unfolded protein response (UPR) and 

canonical androgen response. Conversely, knockdown of XBP1 results in downregulation of UPR, 

but also androgen-responsive genes, showing that XBP1 is functionally supporting part of the AR 

transcriptional program.



AR and XBP1 transcription factor activity   |   185

5

Methods

Survival analysis

Gene expression as well as clinical data of five cohorts20,21,31-33 were used. Expression data 

from Boormans et al., Gulzar et al. and Taylor et al. were downloaded from the Gene 

Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/; accession 

numbers are listed in Table 1). Clinical data from Boormans et al. was received directly 

from the authors, while the Gulzar and Taylor datasets were obtained from the 

respective publication (Gulzar, et al. 2013; Taylor, et al. 2010). Expression and clinical 

data from Glinsky et al. were received directly from the authors, while the TCGA data 

was downloaded using the UCSC Xena browser (https://xenabrowser.net). Samples 

were categorized in either high or low XBP1 expression using the median expression. 

Prognostic value of XBP1 expression was assessed using hazard ratios with confidence 

intervals of 95%, following the Cox’s proportional hazard model (R package survival; 

https://cran.r-project.org/package=survival). Meta-analysis was performed using the 

R package rmeta (https://cran.r-project.org/package=rmeta). Hazard ratios were 

combined using the fixed effect model. Statistical relation between XBP1 expression 

and clinicopathological parameters, including Gleason Score, T-Stage, presence of 

lymph node metastasis and PSA level was tested using Pearson’s C2 test. For XBP1 

splicing quantification, BAM files containing the XBP1 region were downloaded from 

the Genomics Data Commons (GDC) portal (https://portal.gdc.cancer.gov). Reads 

were converted to fastq format and aligned with hisat2 (version 2.0.4) using a bed 

file containing all splice variants of XBP1. The number of reads uniquely mapped to 

the complete gene region as well as only counts related to exon 4 were determined 

using Icount. Reads that exactly jumped from base position 1569 to 1595 within the 

XBP1 gene on chromosome 22 were determined using samtools. The number of reads 

were divided by the total number of reads per sample and XBP1s-specific reads were 

normalized to total XBP1 reads, providing relative XBP1s expression values. 

DARANA patient samples

Pre- and post-enzalutamide treatment prostate cancer tissue of trial cases was 

acquired from the DARANA study24 (Dynamics of androgen receptor genomics and 

transcriptomics after neoadjuvant androgen ablation; ClinicalTrials.gov NCT03297385). 

Patient characteristics prior to treatment are summarized in Supplementary Table S3. 

All trial patients received three months of neoadjuvant enzalutamide prior to radical 

prostatectomy. The study was approved by the IRB of the Netherlands Cancer Institute, 

informed consent was signed by all participants who entered the study and all research 

was performed in accordance with relevant guidelines and regulations. Biopsy (pre-

treatment samples) and prostatectomy specimens (post-treatment samples) were 
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formalin-fixed and paraffin-embedded (FFPE). FFPE material was sectioned prior to 

RNA isolation (see below) and sections were pathologically assessed for tumor cell 

percentage. Only samples with a tumor cell percentage of ≥ 50% were used for further 

downstream analyses.

Cell culture 

VCaP and LAPC4 cells were a kind gift from Dr. Wytske M. van Weerden (Erasmus MC) 

and Dr. Michiel van der Heijden (Netherlands Cancer Institute), respectively. Human 

prostate cancer cell lines were cultured in RPMI-1640 medium (LNCaP, VCaP) or IMDM 

medium (LAPC4) supplemented with 10% FBS. All cell lines were authenticated by STR 

profiling (BaseClear, Leiden, The Netherlands). In addition, cell lines were stocked at early 

passages and used at < 20-25 subcultures. For hormone deprivation, cells were cultured 

in medium containing 10% charcoal-treated FBS for three days, subsequently treated 

with 10 nM R1881 (synthetic androgen, PerkinElmer) or vehicle (DMSO) and harvested at 

the indicated time points. For Thapsigargin (Tg, Sigma) stimulations, cells were treated 

with 10 nM Tg for 3 hours. For ERN1 inhibitor (MKC8866, Mechem Express) treatment, 

cells were hormone-deprived as described above and subsequently treated with 10 nM 

R1881 supplemented with either vehicle (DMSO) or 10 µM ERN1 inhibitor for 24 hours.

Generation of ERN1 knockout cells with CRISPR-Cas9

Guide RNA targeting human ERN1 (TCGGGTTTTGGTGTCGTACA) was cloned into 

the PX330 CRISPR-Cas9 plasmid34. LNCaP cells were transiently transfected using 

Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer’s 

instructions. After transfection, cells were selected using puromycin (0.5 ng/mL), single 

clones were picked and analyzed by TIDE (Tracking of Indels by Decomposition)35 and 

Western blot. Finally, the clone with the best editing efficiency was selected.

Transient transfections

Lipofectamine 2000 was used for all transient transfections in LNCaP and LAPC4 

cells. siRNA oligos targeting the Androgen Receptor (MU-003400-02), XBP1 (MU-

009552-02), and the non-targeting control (D-001206-14) were purchased from 

Dharmacon. GFP and XBP1s expression plasmids were kindly provided by Dr. Sjaak 

Neefjes (Leiden University Medical Center) and Dr. Laurie H. Glimcher (Dana-Farber 

Cancer Institute), respectively. XBP1u containing expression plasmid was obtained 

from the CCSB-Broad Lentiviral Expression Library (https://horizondiscovery.com/en/

products/gene-modulation/overexpression-reagents/orfs/pifs/CCSB-Broad-Lentiviral-

Expression-Collection). In hormone deprivation experiments, 24 hours after switching 

to charcoal-treated FBS, cells were transfected and further hormone-deprived for 

additional 48-72 hours.
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RNA isolation and mRNA expression analysis

Total RNA from cell lines was isolated with TRIzol according to the manufacturer’s 

protocol (Invitrogen). RNA from FFPE material was isolated from 2-10 sections of 10 mm 

using the AllPrep DNA/RNA FFPE kit (Qiagen). cDNA was synthesized from ~2 mg 

(cell line) or 250 ng (FFPE samples) RNA using SuperScript III Reverse Transcriptase 

(Invitrogen) with random hexamer primers. qPCR was performed with SensiMix™ 

SYBR® No-ROX Kit (GC Biotech). Relative mRNA expression levels were normalized to 

TBP (cell lines) or to the average gene expression of the three housekeeping genes 

b-ACTIN, TBP and GAPDH (FFPE samples). Primer sequences are listed in Supplementary 

Table S4.

For RNA-seq, strand-specific libraries were generated with the TruSeq Stranded 

mRNA sample preparation kit (Illumina, Part # 15031047 Rev. E) and sequenced on a 

HiSeq2500. Sequencing data was aligned to hg38 using TopHat and number of reads 

per gene were measured with HTSeq count. Standard output of the Tophat was used to 

get the number of reads that span the 26-nt splice junction in exon 4 of XBP1. EdgeR-

Limma workflow was used for gene expression analysis36,37. Genes with > 1 count per 

million in at least two samples were included. Gene set enrichment analysis (GSEA) was 

performed with the GSEA software (http://www.broad.mit.edu/gsea/index.jsp) using 

the MSigDB Hallmarks gene set collection. Ingenuity Pathway Analysis (IPA) software 

was used to identify upstream regulators of the differentially expressed genes (cutoff: 

absolute log
2
 fold change > 0.5). 

Chromatin immunoprecipitation

Chromatin immunoprecipitations (ChIP) were performed as previously described38. 

Nuclear lysates were incubated with 7.5 μg of XBP1s antibody (Biolegend, 619502) 

prebound to 75 µl protein A beads. Immunoprecipitated DNA was processed for library 

preparation (Part# 0801-0303, KAPA biosystems kit). Samples were sequenced using 

an Illumina Hiseq2500 genome analyzer (65-bp reads, single end), and aligned to the 

Human Reference Genome (hg19, February 2009). Reads were filtered based on MAPQ 

quality (quality ≥ 20) and duplicate reads were removed. Peak calling over input control 

(input samples from publicly available datasets were merged and downsampled38) was 

performed using Dfilter and MACS peak callers39,40. MACS was run with the default 

parameters and P = 10-5. DFilter was run with bs = 50, ks = 30, refine, nonzero. The peaks 

shared by both peak callers and both replicates were used for downstream analysis. 

Read counts and the number of aligned reads are shown in Supplementary Table S5. 

Genome browser snapshots, heatmaps and density plots were generated using EaSeq41. 

Genomic region enrichment analysis and motif analysis were performed with CEAS42 

and the SeqPos motif tool (http://cistrome.org/ap/), respectively. The Diffbind R package 
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was used to generate the correlation heatmap and PCA plot based on occupancy43. 

All ChIP-seq data generated in this study are deposited in the GEO database under the 

accession GSE121880. Publicly available AR (GSE94682), H3K4me3 (GSM503907) and 

H3K27ac (GSM686937) ChIP-seq data from LNCaP cells were used. 

For ChIP-seq validations, qPCR analyses were performed using SensiMix™ SYBR® No-

ROX Kit (GC Biotech). ChIP-qPCR enrichment was normalized to a negative control 

region. Primer sequences are listed in Supplementary Table S1. 

Western blotting

Cells were lysed in Laemmli buffer supplemented with complete protease inhibitor 

cocktail. After protein separation via SDS-PAGE and protein transfer, membranes 

were incubated with antibodies against AR (sc-816, Santa Cruz Biotechnology), ACTIN 

(MAB1501R, Millipore), ERN1 (14C10, Cell Signaling Technology), total XBP1 (GTX113295, 

GeneTex) or XBP1s (619502, Biolegend).

Statistical analyses

For statistical analyses of survival data, Cox regression models were used. To test 

statistical association of XBP1 expression with clinicopathological parameters, Pearson’s 

C2 test was used. XBP1(s) expression in pre- vs. post-treatment samples were compared 

using a paired t tests. For qPCR data, unpaired t tests were used to compare normalized 

gene expression levels upon XBP1u/XBP1s overexpression to control-transfected samples 

(GFP) and to compare R1881-stimulated or siXBP1-transfected cells to vehicle or siC 

control samples, respectively. 2way ANOVAs followed by Tukey multiple comparisons 

tests were used to compare siC to siAR upon vehicle (DMSO) or R1881 stimulation. For 

RNA-seq, XBP1 knockdown-efficiency upon siRNA treatment was tested using a paired 

t test. All error bars represent standard deviation.
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Supplementary tables

Supplementary Table S1: Relation of XBP1 mRNA expression with clinical pathological parameters.

  Taylor   TCGA   Gulzar   Glinsky   Boormans

low XBP1 high XBP1 P-value low XBP1 high XBP1 P-value low XBP1 high XBP1 P-value low XBP1 high XBP1 P-value low XBP1 high XBP1 P-value

N = 66 N = 65 N = 250 N = 248 N = 44  N = 41 N = 40 N = 40 N = 24 N = 24

Gleason Score 0.13 1.9E-06 0.06 0.90 0.29

<7 21 20 17 28 4 9 8 9 14 16

7 33 41 102 146 31 30 23 21 4 6

>7 11 4 131 74 8 2 9 10 6 2

NA 1 0 0 0 1 0 0 0 0 0

T Stage 0.10 0.00 0.62 0.97 0.75

T1 0 0 0 0 0 0 17 18 0 0

T2 37 48 69 119 32 31 22 21 7 8

T3 25 15 171 122 10 9 1 1 11 10

T4 4 2 6 4 1 0 0 0 5 6

NA 0 0 4 3 1 1 0 0 1 0

Lymph node metastasis 0.21 0.02 0.40 0.24 0.12

No 49 53 153 174 39 39 37 40 20 24

Yes 5 1 50 30 4 1 3 0 4 0

NA 12 11 47 44 1 1 0 0 0 0

PSA 0.56 0.84 0.05 0.97 0.95

<4 ng/mL 10 12 10 9 7 10 3 3 0 0

4-10 ng/mL 42 36 23 36 27 29 23 22 11 12

>10 ng/mL 13 17 42 67 8 1 14 15 13 12

NA 1 0 175 136 2 1 0 0 0 0
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Supplementary tables
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<4 ng/mL 10 12 10 9 7 10 3 3 0 0

4-10 ng/mL 42 36 23 36 27 29 23 22 11 12

>10 ng/mL 13 17 42 67 8 1 14 15 13 12

NA 1 0 175 136 2 1 0 0 0 0
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Supplementary Table S2: Relation of XBP1s expression with clinical pathological parameters.

  TCGA

low XBP1s high XBP1s P-value

N = 202 N = 200

Gleason Score     0.3932

<7 22 14

7 96 99

>7 84 87

T Stage   0.28

T2 85 2

T3 108 70

T4 4 123

NA 5 2

Lymph node metastasis   0.64

No 138 128

Yes 31 34

NA 33 38

PSA   0.71

<4 ng/mL 6 8

4-10 ng/mL 26 21

>10 ng/mL 50 46

NA 120 125
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Supplementary Table S3: Baseline characteristics of patients enrolled in the DARANA study 

(NCT03297385).

DARANA cohort N = 29

Age 67 (57–74)

PSA before treatment (ng/mL) 12.7 (2.8–41.9)

Gleason score

7 16

8 7

9 6

T stage (cT)

2 15

3 13

4 1

Lymph node status (cN)

N0 28

N1 1

NOTE: Pretreatment measures are based on the histologic evaluation of biopsy material (clinical 

grading; c).
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Supplementary Table S4: Primer sequences.

Primer Gene Forward (FW) / 

Reverse (RV)

5’-3’ sequence

mRNA expression 

primer

TBP FW

RV

GTTCTGGGAAAATGGTGTGC

GCTGGAAAACCCAACTTCTG

ACTIN FW

RV

CCTGGCACCCAGCACAAT

GGGCCGGACTCGTCATACT

GAPDH FW

RV

ATTTGGCTACAGCAACAGGG

TCAAGGGGTCTACATGGCA

ERN1 FW

RV

ATTGTGTACCGGGGCATGTT

CTCACGGTCTGCGAAGCTAA

AR FW

RV

AGAGTGCCCTATCCCAGTCC

CAGTCTCCAAACGCATGTCC

XBP1 FW

RV

GAAGCCAAGGGGAATGAAGT

GCTGGCAGGCTCTGGGGAAG

XBP1s FW

RV

TGCTGAGTCCGCAGCAGGTG

GCTGGCAGGCTCTGGGGAAG

SEC11C FW

RV

GCGCCAGCTCTATTACCAGG

CATACTGCCACTCAGCACCA

LARP1B FW

RV

CAGTTACCAGCTTTGGCTGC

AGGGAACCGAATTCTGGCG

UFL1 FW

RV

TCAGTGCTATTACCCGGCCT

CCTCGTAAGCGTCCGCTATT

DNAJB9 FW

RV

TAGTCGGAGGGTGCAGGATA

CGCTCTGATGCCGATTTTGG

KLK3 FW

RV

CCAGAGGAGTTCTTGACCCC

TCCAGCACACAGCATGAACT

FKBP5 FW

RV

AATCAAGGAGCTCAATCTCAAAAA

TATGCATATGGCTCGGCTGG

TMPRSS2 FW

RV

TCACTAGGTCGTTGAAAGTCAGA

TGGAGCCGGATACCAAGTAGA
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Supplementary Table S4: Continued.

Primer Gene Forward (FW) / 

Reverse (RV)

5’-3’ sequence

ChIP-qPCR primer Negative 

control

FW

RV

CTAGGAGGGTGGAGGTAGGG

GCCCCAAACAGGAGTAATGA

XBP1 FW

RV

TTTCTACGGTCGTGGCCCTC

ATAGCCACGGTCCTGAAACG

SEC11C FW

RV

ACCGCAGTCCATCTTTAGGC

TAACTCCCGCTCGCAAATCA

DNAJB9 FW

RV

GGGAAGCGTTTCGTGTAGGT

CTGGCACGCACCCTAATCTC

CDK12 FW

RV

GGACCTGATCTCGCGTTGTT

TAGCCTCTCGCGATGTTTCG

R1881-induced 

1

FW

RV

GGTGTGGACTTACCGGTGTC

CCAGACCTACCCTTCACGTC

ZRANB2-AS2 FW

RV

TACAGGTGGGAGGACCCAAG

TTGATCAGTCACTTCCGCCT

SNHG21 FW

RV

TAACGATTCCCGGCCCTTTC

CAGGAGAATCGCGTTGGACT

TRIP11 FW

RV

GGGTTACTCCTGCCAACTCG

GCGGCGCTTTTCTATGATCC

PRKCA FW

RV

TTGTCCAATTCAGCCACCCA

CAAAGGACTTGCTTCCTGCG

Tg-gained 1 FW

RV

CCTGTTGAAAGAATGCGGGC

GAGTTGGGAGGGATACGTGG

HSD17B7P2 FW

RV

GAAGTGTGAGTGCGCGAAGA

CAACACAAAGGAGCCTCACC

RGS5 FW

RV

TTGTTGCCAGCAGGGGTTTA

TATGGGCTGGTTGCCATGAG
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Supplementary Table S5: Illumina sequencing data for ChIP-seq, number of sequenced and aligned 

reads and number of peaks.

Sample 

ID

Cell line Factor Treat-

ment

Read 

count

Mapped 

reads

% 

mapped

Called 

peaks

wz48 LNCaP XBP1s veh 25108190 23514954 0.94 777

wz649 LNCaP XBP1s R1881 24051811 22096708 0.92 4927

wz823 LNCaP XBP1s veh 26830309 21952913 0.82 253

wz824 LNCaP XBP1s R1881 27013874 23822232 0.88 5391

wz1409 LNCaP XBP1s veh 26231808 24994936 0.95 521

wz1410 LNCaP XBP1s Tg 32364586 30576237 0.94 20166

wz1411 LNCaP XBP1s veh 26597313 25099722 0.94 963

wz1412 LNCaP XBP1s Tg 28533362 27055246 0.95 18481

wz1935 LNCaP_PX330 XBP1s Tg 19883805 19003282 0.96 13689

wz1936 LNCaP_ERN1_KO XBP1s Tg 37126963 35461666 0.96 6

wz1937 LNCaP_PX330 XBP1s Tg 35670081 34144440 0.96 9157

wz1938 LNCaP_ERN1_KO XBP1s Tg 18464789 17600476 0.95 1
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Supplementary figures

Supplementary Figure S1: XBP1s expression in clinical datasets. (A) XBP1s expression is not 

associated with biochemical recurrence-free survival in the TCGA cohort. Kaplan-Meier curve of 

biochemical recurrence-free survival between two groups is shown, where patient groups are 

separated on XBP1s expression using a median cut-off. (B) Log
2
 XBP1 and relative XBP1s expression in 

samples from pre- and post-androgen deprivation therapy (ADT) treated patients (n = 7; GSE48403). 

The points indicate the samples and the lines connect the paired pre- and post-therapy samples. ns, 

P > 0.05; ***, P < 0.001 (paired t test).
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Supplementary Figure S2: R1881 induced XBP1 splicing in prostate cancer cells. (A) Hormone-

deprived VCaP cells were stimulated with vehicle or 100 nM R1881 for 6 hours. RNA was isolated and 

sequenced. Splice junction tracks are shown (top). Exon-intron structure for XBP1u and XBP1s is given 

at the top. The arcs indicate splice junction reads and the height of the arc is proportional to the 

read counts in that area. The splicing region is highlighted. Quantification of XBP1 splicing (bottom; 

average of two biological replicates) is represented in the bar graphs. (B) Snapshots of AR chromatin 

binding in LNCaP cells at the ERN1 and XBP1 gene loci for vehicle and R1881 (4 hours) conditions 

(GSE94682). (C) Western blot analysis showing AR, ERN1, XBP1s and XBP1u expression in hormone-

deprived LNCaP cells transfected with siControl (siC) or siAR. Cells were treated with vehicle (veh) 

or R1881 for 24 hours. ACTIN was used as a loading control, and a representative of three biological 

replicates is shown. The asterisk (*) indicates a non-specific band.
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for XBP1s in hormone-deprived LNCaP cells treated with vehicle, R1881 (24 hours) or Tg (3 hours). 

ACTIN was used as a loading control, and a representative of three biological replicates is shown. (B) 

Unsupervised hierarchical clustering of the correlation between XBP1s peak occupancy in vehicle-, 

R1881- and Tg-treated LNCaP cells for both replicates. (C) Principal component analysis computed 

using the called XBP1s peaks across studied conditions and replicates.
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Supplementary Figure S4: XBP1s antibody specificity. (A) LNCaP cells were transfected with an 

empty PX330 CRISPR/Cas9 vector or with the PX330 sgRNA targeting ERN1. A single clone was made, 

and DNA was isolated, PCR-amplified and subjected to Sanger sequencing. Sequencing data was 

analyzed with TIDE (https://tide.nki.nl/). The indel spectrum around the PAM sequence for the ERN1 

knockout (KO) clone used in this study is shown. (B) Western blot was performed with protein lysates 

from hormone-deprived wildtype LNCaP cells (WT) and ERN1 KO cells stimulated with either vehicle, 

R1881 (24 hours) or Tg (3 hours). Blots were stained for ERN1, XBP1s and ACTIN was used as loading 

control. (C) Heatmap visualizing XBP1s ChIP-seq signal [fragments per kilobase pair per million reads 

(FPKM)] in wildtype LNCaP cells and ERN1 KO cells for two biological replicates. Cells were treated with 

Tg for 3 hours. (D) Average XBP1s signal (FPKM) in wildtype LNCaP cells and ERN1 KO cells for two 

biological replicates. Data are centered at XBP1s peaks, depicting a 2.5-kb window around the peak.
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Supplementary Figure S5: Validation of XBP1s ChIP-seq analyses. (A) Relative mRNA expression 

levels of XBP1s and its target genes in LNCaP cells overexpressing XBP1s versus GFP. (B) Heatmap 

illustrating qPCR validation of shared, R1881-induced and Tg-gained binding sites identified in XBP1s 

ChIP-seq. Color intensity corresponds to ChIP–qPCR enrichment (see scale bar).

Supplementary Figure S6: ReMap tool analyses show overlap between XBP1s binding sites and 

those of other transcription factors. (A) Scatter plot of the motif enrichment (z-score) and ReMap 

overlap scores [-log
10

(E-value)] for transcription factor motifs found in XBP1s shared binding sites. 

(B) Scatter plot of the motif enrichment (z-score) and ReMap overlap scores [-log
10

(E-value)] for 

transcription factor motifs found in R1881-induced XBP1s binding sites.
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Supplementary Figure S7: XBP1s overexpression induces expression of its target genes, but no AR-

responsive genes in multiple prostate cancer cell lines. (A) Relative mRNA expression of total XBP1, 

XBP1s, XBP1s target gene DNAJB9 and AR target genes (ERN1, KLK3, FKBP5, TMPRSS2) in LNCaP 

cells overexpressing either XBP1u or XBP1s versus GFP control. Shown are individual datapoints and 

mean of three independent biological replicates. Error bars indicate standard deviation. *, P < 0.05; 

**, P < 0.01 (unpaired t test). (B) Relative mRNA expression of total XBP1, XBP1s, XBP1s target gene 

DNAJB9 and AR target genes (ERN1, KLK3, FKBP5, TMPRSS2) in LAPC4 cells overexpressing either 

XBP1u or XBP1s versus GFP control. Shown are individual datapoints and mean of three independent 

biological replicates. Error bars indicate standard deviation. *, P < 0.05; **, P < 0.01 (unpaired t test).
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◀ Supplementary Figure S8: Validation of RNA-seq analyses (I). (A) Relative mRNA expression of 

total XBP1, XBP1s, XBP1s target genes (DNAJB9, SEC11C) and AR target genes (ERN1, KLK3, FKBP5, 

TMPRSS2) in LNCaP cells treated with vehicle (Veh) or R1881 for 24 hours. Shown are individual 

datapoints and mean of two independent biological replicates. Error bars indicate standard deviation. 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 (unpaired t test). (B) Relative mRNA expression of total XBP1, 

XBP1s, XBP1s target genes (DNAJB9, SEC11C) and AR target genes (ERN1, KLK3, FKBP5, TMPRSS2) in 

LNCaP cells transfected with siControl (siC) or siXBP1. Shown are individual datapoints and mean of 

two independent biological replicates. Error bars indicate standard deviation. *, P < 0.05 (unpaired 

t test). (C) XBP1-knockdown efficiency in RNA-seq experiment shown in Fig. 4B. Left: Volcano plot 

showing differential gene expression of LNCaP cells transfected with either siXBP1 or siControl (siC). 

XBP1 is depicted in turquoise. Right: Bar graph comparing XBP1 gene expression in LNCaP cells treated 

with siControl (siC) or siXBP1. *, P < 0.05 (paired t test).



AR and XBP1 transcription factor activity   |   205

5

Supplementary Figure S9: Validation of RNA-seq analyses (II). (A) GSEA on RNA-seq data from 

LNCaP cells transfected with siControl (siC) or siXBP1 (GSE103864). Shown are enrichment plots 

of the Hallmark pathways androgen response (left) and unfolded protein response (right). Genes 

are ranked by differential expression between treatment conditions. Y-axis indicates enrichment 

score (ES). GSEA statistics (FDR, ES, NES) are shown. (B) Upstream regulators predicted by ingenuity 

pathway analysis (IPA) of differentially expressed genes upon XBP1 knockdown. The regulation z-score 

and the overlap P-value are shown for AR, dihydrotestosterone, ERN1 and XBP1.
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Ever since the direct critical link between androgens and prostate cancer progression 

was first described1, scientists have sought ways to effectively block AR-mediated 

signaling (Chapter 1), ranging from surgical castration (orchiectomy) to chemical 

castration (androgen deprivation therapy) and finally to the development of next 

generation androgen biosynthesis and direct AR inhibitors known as antiandrogens2,3. 

Although most patients initially respond to AR-targeted interventions, treatment 

resistance inevitably occurs because sooner or later cancer cells have found ways to 

adapt under drug-induced evolutionary selection pressure (Chapter 2). The underlying 

resistance mechanisms are, however, not yet fully understood. While in vitro studies 

revealed various mechanisms how prostate cancer cells can acquire hormone therapy 

resistance4 (such as intratumoral androgen production or AR compensation through 

glucocorticoid receptor action), in the clinic mainly somatic amplification of the AR 

gene5 itself and/or an upstream AR enhancer6,7 are observed, both of which are thought 

to have the potential to reactivate the AR signaling axis. This clearly illustrates the lack 

of in vivo datasets that can help us understand how prostate cancer cells adapt upon 

hormonal intervention. The main focus of this thesis is therefore to identify acquired 

molecular dependencies in prostate cancers that may help them evade AR-targeted 

therapies and to test whether these dependencies represent cellular vulnerabilities 

that could be exploited therapeutically (Chapter 3). The identification of novel drug 

targets in the treatment-resistant disease setting represents one of the greatest unmet 

medical needs in prostate cancer care and would clearly help solve the drug resistance 

dilemma we currently face. Furthermore, the work presented in this thesis aimed to 

improve our overall understanding of hormonal signaling in prostate cancer – not only 

to identify novel AR dependencies (Chapter 5), but also to gain more insights into AR 

signaling in different prostate cancer subtypes (Chapter 4) to ultimately ensure that 

each patient receives the best possible treatment in the future.

Lessons learned: 
identifying novel therapeutic targets for treatment-resistant 
prostate cancer requires thinking outside the box

Although prostate cancer screening and treatment have made great strides in recent 

decades, therapeutic options, particularly in later stages of the disease, remain limited, 

and improving clinical management of patients with refractory disease represents a 

major unmet medical need8. To address this, we need to gain insights into the cellular 

adaptation mechanisms in response to drug exposure to identify treatment-induced 

dependencies that allow prostate cancer cells to escape the evolutionary selection 

pressure imposed by hormone therapy. In vitro systems, particularly cell line models, 
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have significantly improved our understanding of AR biology in prostate cancer over 

the past decades9-16. Cell lines are great tools for mechanistically disentangling different 

components of the AR signaling axis, but also for directly investigating which of these 

components have the potential to promote drug resistance. In recent years, multiple 

genome-wide loss-of-function17-21 and gain-of-function22,23 screens have been performed 

in prostate cancer cell lines, which identified treatment-, cell line- and context-dependent 

drivers of hormone therapy resistance that represent new potential drug targets in 

prostate cancers with acquired resistance, but also highlight the importance of selecting 

the most appropriate cell line model to test the scientific hypothesis24. In addition, 

several treatment-resistant cell line clones have been generated by long-term drug 

exposure of hormone-sensitive cells either grown in culture dishes25,26 or xenografted in 

animal models27, which allow to profile how these cells molecularly evolved to become 

treatment resistant28. Although a number of success stories in prostate cancer research 

began with in vitro studies27,29, the complexity of tumors in situ presents a major problem 

in translating cell line data directly to an in vivo setting30,31. Thus, targeting identified 

potential drivers of resistance in vivo does not always appear to be as effective as 

initially expected, underscoring the urgent need to think outside the box and generate 

data based on models that most closely resemble human prostate cancer or, ideally, 

are based directly on tumor biopsies. Such in vivo (or ex vivo32) datasets can help 

elucidate molecular adaptations in tumors, but require thorough and innovative study 

design to obtain the most comprehensive data possible, ideally including tissue samples 

collected at multiple time points (e.g., before and after a therapeutic intervention) 

that allow molecular profiling using multiple omics techniques. The data presented 

in Chapter 3 represent, to our knowledge, the first multi-omics study embedded in 

a prostate cancer clinical trial that allowed simultaneous cistromic, transcriptomic, 

genomic, and proteomic profiling of high-risk prostate cancers before and after 

neoadjuvant enzalutamide therapy. In particular, the addition of cistromic profiling 

makes this study design unique and allowed us to identify a massive drug-induced 

transcription factor reprogramming and transcriptional rewiring, and ultimately led 

to the identification of ARNTL as an acquired vulnerability of prostate cancers after 

enzalutamide therapy (Chapter 3). This finding was completely unexpected given the 

canonical role of ARNTL in regulating the circadian clock33, but demonstrates how 

normal physiological pathways or components thereof can be hijacked by cancer cells to 

maintain proliferative potential and facilitate cell survival. Whether this acquired ARNTL 

dependency in the localized disease setting is enzalutamide-specific or applicable 

to other AR-targeting agents (such as androgen deprivation therapy or treatment 

with other second-generation antiandrogens) remains to be tested. In addition, it 

would be interesting to examine whether ARNTL expression is similarly increased by 

hormone therapy in other hormone-dependent cancers, such as breast or endometrial 
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cancer, and to investigate whether ARNTL is also a vulnerability in these cancer types. 

Furthermore, direct ARNTL inhibitors or degraders need to be developed, as there 

are currently no small molecules available to (pre-)clinically test inhibition of this 

transcriptional regulator. Since our data suggest that ARNTL functions independently 

of the circadian clock as a rescue mechanism for tumor cells to escape AR blockade, 

available circadian modulators34, such as compounds that block heterodimerization of 

ARNTL and CLOCK35, may not be sufficient to block the action of ARNTL in this clinical 

setting. Transcription factors, with the exception of nuclear hormone receptors, have 

historically been considered undruggable due to the difficulty of targeting protein-

DNA or protein-protein interactions, in contrast to the more accessible active sites of 

kinases or other enzymes36,37. Recently, however, several successful approaches for 

targeting transcription factors have emerged, including proteolysis targeting chimeras 

(PROTACs) that result in proteasome-mediated degradation of their target, which may 

be suitable for therapeutic development of a selective ARNTL-targeting agent36,38.

On the one hand, our data illustrate that we must think outside the box if we are to 

identify new therapeutic targets that ultimately have the potential to cure patients 

with lethal prostate cancer – including innovative study designs, thorough multi-omics 

analyses, appropriate disease models, and rapid therapeutic drug development. On 

the other hand, they illustrate that we must expect the unexpected when it comes to 

therapeutic drug resistance in cancer, as even normal physiological processes can be 

hijacked by tumors to enable their survival.

Cistromic reprogramming and enhancer addiction: 
potential vulnerabilities in prostate cancer 

In addition to identifying ARNTL as an acquired dependency after treatment with 

hormone therapy, Chapter 3 also revealed a second dependency of prostate cancer 

disease progression: cistromic reprogramming. The genomic repositioning of key 

disease drivers such as FOXA1 from epigenetically inactivated developmental enhancers 

to cis-regulatory regions controlling essential genes that initiate prosurvival signaling 

and thus maintain proliferative capacities despite therapeutic intervention clearly 

demonstrates the dependence of prostate cancer on the gene regulatory activity of 

transcription factors. Primarily, this dependency has been studied for AR (Chapter 1) 

which binds to specific sets of regulatory elements at distinct stages of the disease – 

N-ARBS in normal prostate epithelium, T-ARBS in primary tumors, and Met-ARBS in 

metastatic lesions – that not only help us better understand cistromic AR activity in 

different prostate cancer subtypes (Chapter 4), but also harbor context-dependent 
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prognostic information that correlate with patient outcome39. However, the functional 

consequences of AR reprogramming depend on the activity of cofactors, especially 

pioneer factors such as FOXA1, which can remodel condensed chromatin, making 

it accessible to transcription factors10,40,41. In this way, AR, as well as other disease-

promoting transcription factors – such as ARNTL – can bind cis-regulatory elements 

that would otherwise be inaccessible to drive tumorigenesis42, therapy resistance 

(Chapter 3), or metastatic spread43. Despite the initial reprogramming of FOXA1 

during prostate tumorigenesis, its enhancer repertoire was also found to be massively 

altered in neuroendocrine disease44, suggesting an AR-independent role in prostate 

cancer progression – consistent with our findings in Chapter 3. Therefore, therapeutic 

targeting of this upstream AR regulator is very promising to advance the treatment 

of prostate cancer, and efforts to discover drugs that allow either direct or indirect45 

targeting of FOXA1 should be intensified, especially since other FOXA1-expressing tumor 

types such as breast cancer46, pancreatic cancer47, and thyroid cancer48 could also 

benefit massively from such agents. In addition to upstream regulators that enable 

transcription factor binding, enhancer activity is also highly dependent on downstream 

players that collectively orchestrate the expression of transcription factor target 

genes. In particular, transcription coactivators (e.g., P300/CBP) and other cofactors, 

such as chromatin readers (e.g., BRD4) and remodelers (e.g., SWI/SNF) are essential 

for prostate cancer drivers to create or maintain a prosurvival chromatin state. 

Consistently, therapeutic targeting of all of the above-mentioned cofactors has been 

shown to successfully inhibit tumor growth in advanced disease models with persistent 

AR signaling49-51. This clearly indicates that enhancer addiction, and thus the need for 

an active epigenetic machinery to drive target gene expression, is a vulnerability of 

prostate cancers – but potentially of many other cancers as well. 

State-of-the-art cistromics approaches for 
simultaneous profiling of multiple regulatory nodes

Transcriptional rewiring resulting from transcription factor reprogramming is 

mediated by the collective activity of several regulatory factors. However, the study 

of their combined mode of action in a single sample or preferably in a single cell 

is not trivial. Over the past decade multiple methodical refinements of chromatin 

immunoprecipitation sequencing (ChIP-seq) protocols52 have been proposed, including 

the addition of carriers53 or additional fixation steps54 that decrease off-target signals 

and increase the on-target ChIP efficiency. These optimizations allowed us to study 

the cis-regulatory landscape and its surrounding epigenetic environment in limited 

amount of tissue culture cells (Chapter 3 and Chapter 5), but also limited amounts 
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of tumor tissue (Chapter 4) and even in 18-gauge (1.27 mm in diameter) core needle 

biopsy material (Chapter 3). Nevertheless, these ChIP-seq protocols and the data 

obtained from them have intrinsic limitations. One limitation is that currently only one 

chromatin-binding protein can be profiled at a time, which is suboptimal when studying 

the interconnectivity of regulatory factors in gene regulation. This is particularly 

constraining in settings with limited sample material, such as tissue biopsies, which 

doesn’t allow for multiple ChIP-seq experiments in parallel. Instead, sequential ChIPs 

of multiple factors from the same cellular lysate can be used for genomic profiling 

of transcription factors and histone modifications, which has been shown to be very 

successful in several studies43,55-57. This strategy has also been used in Chapter 3, in 

which we assessed how neoadjuvant hormone therapy in primary prostate cancers 

affected the cis-regulatory landscape of disease driver and drug target AR, its pioneer 

factor FOXA1 and the active histone modification H3K27ac. It enabled us to identify drug-

induced cistromic reprogramming of FOXA1 and AR, away from inactive developmental 

enhancers toward active regulatory regions that drove tumor cell survival. In this study, 

we derived information on chromatin states not only from our H3K27ac ChIP-seq data, 

but also by integrating our binding sites of interest with a published cistromic dataset 

of additional histone marks that matched our experimental conditions56. However, a 

method that allows simultaneous genomic profiling of multiple histone modifications and 

chromatin-binding proteins in the same sample would be most ideal, as it could capture 

the genomic distribution and interconnectivity of different transcription factors and any 

associated changes in the epigenetic state of active and inactive chromatin. Recently, 

two multifactorial epigenome profiling techniques (Multiple Target Identification by 

Tagmentation, MulTI-tag58; Multiplexing Antibodies by barcode Identification, MAbID59) 

have been developed that enable simultaneous profiling of multiple epigenome targets, 

with which up to three histone modifications (MulTI-tag) or even up to six chromatin-

associated proteins (MAbID) could be profiled successfully in limited input material. 

Given that both techniques allow comprehensive characterization of cell-specific gene 

regulatory landscapes at single-cell resolution, this may address yet another limitation 

of classical ChIP-seq experiments. ChIP-seq, like any other omics approach performed 

on bulk material, provides data that represents an average profile of all cells in a sample. 

Single-cell methods, especially in combination with (spatial) transcriptomic readouts, 

would therefore allow multi-omic profiling at much greater resolution to study whether 

epigenomic reprogramming and transcriptomic plasticity are seen uniformly across 

all profiled cells, or if these effects are more heterogeneous and cell- or even cell 

type-specific. While all studies in this thesis focus on the intrinsic cistromic features 

of tumor cells, single-cell methodologies would also allow to investigate how tumor-

adjacent cells in the microenvironment or tumor-infiltrating immune cells are affected 

by AR-targeted interventions, as immune cells can promote therapy resistance and 
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disease progression, as recently shown in prostate cancer bone metastases60. Overall, 

multimodal single-cell sequencing methods61-65 have advanced rapidly over the past 

decade and promise to comprehensively characterize the cis-regulatory enhancer 

repertoire and downstream transcriptomic programs in prostate cancer, as well 

as in tumor-adjacent normal or immune cells, to ultimately understand how these 

landscapes change during tumorigenesis or disease progression and how and when 

to most successfully intervene in a given patient.

Classifiers for prostate cancer risk stratification: 
preventing over-treatment and improving patient survival 

The integration of state-of-the-art multi-omics techniques into innovative study designs 

involving clinical samples from patients at different disease stages (healthy tissue 

vs. primary tumor vs. metastatic lesions) or after therapeutic interventions (pre- vs. 

post-therapy) would also allow the identification of novel classifiers for cancer risk 

stratification and drug response prediction. Since approximately 30% of patients with 

primary prostate cancer relapse after prostatectomy or radiotherapy, prognostic or 

ideally predictive biomarkers are urgently needed to identify patients with very high risk 

at an early stage who would potentially benefit from more intensive adjuvant treatment 

regimens, as well as those with low-risk disease who would not benefit from such 

interventions. Previously, we identified a prognostic gene classifier through integrative 

AR-focused cistromic analyses comparing only a handful of therapy-naïve primary 

tumors (n = 5) with tumors exhibiting acquired therapy resistance (n = 3)66. These 

analyses revealed reprogramming of the AR-chromatin interactome between these 

two clinical stages, leading to AR regulation of a distinct set of genes, the expression 

of which has the prognostic potential to stratify prostate cancer patients on outcome, 

independent of classical clinicopathological parameters (such as Gleason grading67) 

and clinical risk classifiers (D’Amico68). Altogether, these analyses clearly demonstrate 

that genome-wide cistromic profiling has the potential to provide novel signatures with 

strong prognostic power, a strategy that should be further refined in future studies. In 

addition, our studies identified single-gene biomarkers for biochemical relapse (XBP1 in 

Chapter 5) and for response to enzalutamide in primary disease (ARNTL in Chapter 3). 

The latter needs to be further validated in additional cohorts, ideally including patients 

treated with androgen deprivation therapy or other antiandrogens, to assess whether 

ARNTL upregulation is observable in localized prostate cancer independent of the AR-

targeting agent. Moreover, future studies should include many more samples collected 

at different biological disease stages, but also after different systemic therapeutic 

interventions (AR-targeted and non-AR-targeted). This would not only help to better 
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model and capture the inherent heterogeneity of prostate cancer69, but also help to 

identify more robust classifiers that will ultimately allow us to optimize and personalize 

treatment sequencing and efficacy – an unmet medical need thoroughly discussed in 

Chapter 2. For this reason, future research should aim at advancing precision medicine 

for prostate cancer, which can help determine the most appropriate treatment regimen 

for each patient, thereby avoiding overtreatment and ultimately improving patient 

survival and quality of life.

Low-risk prostate tumors: 
precancerous lesions or bona fide adenocarcinomas?

While identifying high-risk patients is paramount to improving survival, identifying patients 

with very low-risk disease that either has indolent features or can be cured through 

locoregional intervention is equally important to prevent overtreatment of this patient 

population. Ever since prostate-specific antigen (PSA)-based population screening was 

introduced in the late 1980s, prostate cancer mortality decreased whereas the incidence 

increased sharply70,71. Many men are, however, diagnosed with low-risk grade group 1 

cancers72 (Gleason score ≤6) that have an overall negligible risk of disease progression 

and distant metastases, which is why overtreatment is a key concern, as most patients 

will likely not die of the disease, even if left untreated. For this reason, there is much 

controversy in the prostate cancer community as to whether these lesions should be 

reclassified as “non-cancerous”73-77, similar to ductal carcinoma in situ (DCIS) in breast 

cancer78 . Over the last decade, a lot of resources went into DCIS research, which helped 

to identify challenges in DCIS diagnosis, allowed comparative omics analyses between 

DCIS and invasive breast cancer, and facilitated the generation of adequate disease 

models, all of which ultimately helped to better understand DCIS79,80. However, low-risk 

prostate cancer has not yet been thoroughly profiled, and much remains to be learned 

about its underlying biology to gain insight into what makes GG1 lesions clinically less 

aggressive compared with higher-grade tumors. To shed some light on this, we set out 

to study the activity of prostate cancer disease driver AR (Chapter 4), which revealed 

that AR’s tumor-specific cistromic and transcriptomic activity in low-grade lesions is 

not enriched for normal prostate epithelium-specific signaling, but rather shows high 

concordance with high-grade prostate cancer. This clearly separates GG1 lesions from 

benign prostate epithelium and positions them as bona fide cancers from an epigenetic 

perspective. Our transcriptomic analyses identified, however, certain pathways to be 

differentially regulated in high- vs. low-risk disease (Chapter 4), including epithelial-

mesenchymal transition, proliferation-related pathways, immune response, and signaling 

cascades such as IL2-STAT5, IFN-g and KRAS. Nonetheless, it remains elusive how these 
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pathways contribute to an overall more aggressive disease state, which should be further 

investigated by proteomic and phosphoproteomic analyses to obtain a better picture of 

the landscape of active oncogenic signaling pathways. The enrichment of inflammatory 

response pathways in high-grade disease, also point toward an active role of the tumor 

microenvironment in regulating prostate cancer aggressiveness. While our analyses 

solely focused on the characterization of tumor-intrinsic signaling, future studies should 

exploit single-cell technologies to gain insights into the crosstalk between prostate cancer 

and immune cells. Overall, it seems premature to remove the label of “cancer” from a 

low-risk disease at this stage, when so many variables are still unknown, especially since 

even GG1 tumors appear to progress to higher-grade carcinomas81, in a small percentage 

of patients, highlighting that leaving the tumor in situ without adequate surveillance could 

result in a missed opportunity for cure73. But what determines if a GG1 lesion progresses 

or not? Although biochemical recurrence occurs in less than 5% of patients with GG1 

prostate cancer73,82,83, it would still be extremely helpful to have biomarkers to identify 

these individuals early in order to offer them therapeutic interventions with curative intent. 

In Chapter 4 we showed that not only AR signal intensity at tumor- and metastases-

specific AR binding sites (T-ARBS and Met-ARBS), but also the gene expression of the 

corresponding T-ARBS and Met-ARBS gene sets39 were significantly increased in cases 

with future relapse and could help stratify low-risk prostate cancer patients on outcome. 

Undoubtedly, additional supervised analyses between GG1 cases and controls will allow 

the identification of additional signatures or biomarkers for recurrence prediction 

that are ideally compatible with current clinical routine and thus easily detectable via 

histology or immunohistochemistry. In addition, machine learning models that allow 

integration of radiomic magnetic resonance imaging features with digital pathology and 

gene expression data could help predict patient outcome and thus refine clinical decision 

making and treatment planning, as recently demonstrated for the prediction of upstaging 

in DCIS84. Taken together, ultra-low-risk lesions represent a largely understudied subset of 

prostate cancers that surprisingly share many AR-driven epigenetic features with higher-

grade tumors, underscoring the need for future research to decipher the underlying 

oncogenic signals of their primarily indolent clinical phenotype. 

AR and its targets: how new insights into hormonal 
signaling can help identify prostate cancer dependencies

In addition to studying hormonal signaling in low-grade disease (Chapter 4), we have 

also discovered how prosurvival signaling in prostate cancer cells can be achieved 

through activation of stress response pathways (Chapter 5). In particular, we identified 

an unexpected interplay between the unfolded protein response pathway and the AR 
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signaling axis, in which AR modulates the expression of key players of the UPR, such as 

ERN1 and XBP1(s), which in turn drive part of the AR transcriptional program. The UPR 

is a tightly regulated process that helps cells maintain homeostasis between protein 

production and degradation in response to transcriptional and translational stimuli85,86. 

The androgen-dependent activation of UPR signaling – which is observed not only in 

prostate cancer cell line models (Chapter 5), but also in clinical specimens (Chapter 3) 

– may help prostate cancer cells cope with increased translation and protein (mis)

folding after AR-activated gene transcription. Therefore, the stress sensor ERN1 and its 

downstream transcriptional regulator XBP1s may represent novel therapeutic targets, 

especially since these factors also have a direct effect on AR activity, which should 

be further investigated in future preclinical studies. Whether other stress response 

pathways are similarly hijacked or exhibit similar dependencies remains elusive at this 

time, but once again underscores the importance of thinking outside the box to improve 

and advance prostate cancer therapies.

Concluding remarks

In recent years, we have made significant progress in improving our understanding of 

hormonal signaling in prostate cancer. Since all advanced prostate cancers sooner or 

later develop resistance to currently available AR-targeted therapies, it is of utmost 

importance to better model the activity of this disease driver to eventually identify 

novel prostate cancer dependencies. The data presented in this thesis demonstrate how 

the integration of tissue cistromics with other omics datastreams can not only help us 

gain new insights into AR signaling in prostate cancers, but also enable the identification 

of thus far unknow and – given their canonical role in normal physiological processes – 

surprising, prostate cancer dependencies whose therapeutic targeting could ultimately 

improve the efficacy of current AR-targeted therapies. It will be exciting to see what will 

be discovered in the coming years with all the cutting-edge multi-omics technologies 

that are now available. These undoubtedly have the potential to further improve current 

prostate cancer therapies and reveal new therapeutic strategies, and will ultimately 

bring us one step closer to our goal of curing (prostate) cancer - it’s about time!
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English summary

Prostate cancer is the second most common cancer in men and a frequent cause of 

cancer-related death. In general, prostate cancer is considered hormone-dependent, 

as the development and progression of the tumor is highly dependent on the action 

of male sex hormones, called androgens. These hormones are able to activate their 

direct downstream receptor, the androgen receptor (AR), a master transcription 

factor that regulates the expression of numerous genes involved in various biological 

pathways, ultimately leading to the growth and survival of prostate cancer cells. 

Given the importance of this signaling axis, multiple therapeutic strategies have been 

developed over the years to effectively block the activity of this hormone-driven 

regulatory pathway. Despite these recent advances, hormone therapy inevitably results 

in treatment resistance, and available therapeutic options – particularly in late-stage 

disease – remain very limited, making the identification of novel drug targets in the 

treatment-resistant setting a serious unmet medical need.

The studies presented in this thesis therefore focus on improving our current 

understanding of hormonal signaling in prostate cancer and on gaining new insights into 

the cellular adaptation mechanisms leading to acquired hormone therapy resistance. In 

particular, so-called “multi-omics” approaches were used, which allow for gaining precise 

insights into the interrelationships between different signaling pathways in prostate 

cancer cells by collective analyses of several macromolecules (DNA, RNA, proteins).

The biological relevance of AR signaling in prostate cancer is described in detail in the 

general introduction (Chapter 1), which also highlights how multi-omics profiling of 

transcription factors can help further characterize and decipher the gene regulatory 

circuits they control and how they rewire during therapeutic interventions.

All currently available prostate cancer therapies are reviewed in Chapter 2, with a 

clear focus on the clinical history of enzalutamide – the most frequently used hormone 

therapy that directly targets the AR. Despite the variety of treatment options, these 

therapies prolong the survival of prostate cancer patients for only a few months. 

Therefore, current research efforts are focused on determining the optimal sequence 

of therapies; discovering new drugs that are effective in metastatic castration-resistant 

prostate cancer; and defining patient subpopulations that will ultimately benefit from 

these treatments. Molecular in vitro studies using prostate cancer cell line models have 

identified several signaling pathways that have the potential to mediate treatment 

resistance, but what happens in a patient during hormone therapy in vivo remains 

unknown.
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Thus, in Chapter 3, we examined how prostate tumor cells adapt to evade AR 

suppression to identify novel drug targets that could improve the clinical management 

of patients with treatment-resistant disease. We performed integrative multi-omics 

analyses on tissues isolated before and after 3 months of AR-targeting enzalutamide 

monotherapy from patients with high-risk prostate cancer enrolled in a neoadjuvant 

clinical trial. Transcriptomic analyses demonstrated that AR inhibition drove practically 

all tumors toward a neuroendocrine-like disease state. Additionally, epigenomic charting 

revealed massive enzalutamide-induced reprogramming of pioneer factor FOXA1 from 

inactive chromatin sites toward active cis-regulatory elements that dictate pro-survival 

signals. Notably, these treatment-induced FOXA1 sites were enriched for the circadian 

clock component ARNTL, whose expression was elevated upon hormone therapy in 

our patient cohort. In addition, high posttreatment ARNTL levels were associated with 

poor clinical outcomes, and ARNTL knockout could restore enzalutamide sensitivity in 

treatment-resistant cell line and xenograft models. These data highlight a remarkable 

cistromic plasticity of FOXA1 following AR-targeted therapy and revealed an unexpected 

biological interplay between hormonal resistance and circadian rhythm regulator 

ARNTL, a novel candidate therapeutic target.

While the identification of factors driving hormone resistance in high-risk disease has 

rightly received considerable research attention, low-risk tumors remain understudied 

and even the role of AR in low-grade lesions is poorly understood. Nevertheless, there 

has long been debate among experts as to whether low-grade lesions are actually 

cancerous or rather benign, given their overall low risk of metastasis. In Chapter 4, 

we therefore set out to characterize the AR chromatin binding landscape in a specific 

subset of low-risk grade group 1 (GG1) prostate cancers. Our analyses showed that 

GG1 tumors don’t harbor a distinct AR cistrome and, similar to higher-grade lesions, 

AR preferentially binds to tumor-defining cis-regulatory elements. Furthermore, the 

enhancer activity of these regions and the expression of their respective target genes 

were not significantly different in GG1 tumors, which – from an epigenetic perspective – 

supports the cancer designation currently given to these low-grade tumors and clearly 

distinguishes them from noncancerous benign tissue.

Since AR’s activity in tumors is massively altered as compared to healthy prostate 

epithelium, AR consequently depends on additional cofactors and pathways that 

ultimately enable prostate cancer growth and survival. We mechanistically characterized 

one of these dependencies in Chapter 5, where we report an unexpected interplay 

between the AR signaling pathway and the unfolded protein response (UPR) in prostate 

cancer. AR binds to thousands of sites throughout the human genome to regulate 

expression of directly responsive genes, including pro-survival genes that enable tumor 
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cells to cope with increased cellular stress, such as ERN1 and XBP1 – two key players of 

the UPR. We could show that low expression of XBP1 was consistently associated with 

biochemical recurrence in five independent cohorts. Through integrative cistromic 

and transcriptomic analyses, we could further demonstrate that AR activation triggers 

UPR signaling through the ERN1/XBP1 axis leading to elevated XBP1 transcriptional 

activity, which not only results in expression of UPR genes but also functionally drives 

part of the AR transcriptional program. This signaling cascade may prime prostate 

cancer cells for the increased protein folding, mRNA decay, and translation associated 

with AR-regulated tumor cell proliferation, underscoring how the identification of AR 

dependencies may lead to novel therapeutic targets.

In Chapter 6 all data are jointly discussed in the context of the current literature while 

highlighting some of the remaining questions and unmet medical needs. In recent years, 

we have made significant strides in improving our understanding of hormonal signaling 

in prostate cancer. Since acquired endocrine therapy resistance has unfortunately 

been inevitable in advanced disease to date, it is of utmost importance to better 

chart the activity of prostate cancer drivers to eventually identify novel therapeutic 

vulnerabilities. The results presented in this thesis demonstrate how the integration 

of multiple omics data streams can help to provide new insights into the biology of 

prostate cancer. In addition, it enables the identification of previously unknown prostate 

cancer dependencies, the therapeutic targeting of which could ultimately improve the 

efficacy of currently used therapies. This would bring us a big step closer to our goal 

of curing this deadly disease – it’s about time!
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Nederlandse samenvatting

Prostaatkanker is de tweede meest voorkomende vorm van kanker bij mannen en 

een frequente oorzaak van sterfte door kanker. In het algemeen wordt prostaatkanker 

gezien als een hormoonafhankelijke kanker, aangezien de ontwikkeling en het verloop 

van de tumor sterk afhankelijk zijn van de werking van mannelijke geslachtshormonen, 

genaamd androgenen. Deze hormonen kunnen hun directe doelreceptor, de 

androgeenreceptor (AR), activeren. AR is een transcriptiefactor die een sleutelrol speelt 

bij prostaatkanker, aangezien het de expressie regelt van talrijke genen die betrokken 

zijn bij diverse biologische signaalwegen, hetgeen uiteindelijk leidt tot de groei en 

overleving van prostaatkankercellen. Gezien het belang van deze signaleringsas zijn er 

in de loop der jaren verschillende therapeutische strategieën ontwikkeld om de activiteit 

van deze hormonaal gestuurde reguleringsroute effectief te blokkeren. Ondanks deze 

recente vooruitgang leidt hormoontherapie onvermijdelijk tot behandelingsresistentie 

en blijven de beschikbare therapeutische opties – vooral bij gevorderde ziekte – zeer 

beperkt. Daarom is de identificatie van nieuwe doelwitten voor de behandeling van 

therapieresistente prostaatkankercellen van groots belang om de overlevingskansen 

van prostaatkankerpatiënten te vergroten.

De in dit artikel gepresenteerde studies richten zich daarom op het verbeteren van 

ons huidige begrip van hormonale signalering in prostaatkankercellen en op het 

verkrijgen van nieuwe inzichten in de cellulaire aanpassingsmechanismen die leiden 

tot verworven hormoontherapieresistentie. Daarbij is vooral gebruik gemaakt van 

zogenaamde “multi-oom” benaderingen, die ons in staat stellen om via verscheidene 

analyses van verschillende macromoleculen (DNA, RNA, eiwitten) nauwkeurig inzicht 

te krijgen in de verbanden tussen verschillende signaalwegen in prostaatkankercellen.

De biologische relevantie van AR-signalering bij prostaatkanker wordt uitvoerig 

beschreven in de algemene inleiding (hoofdstuk 1). Daarin wordt ook belicht hoe multi-

oom profilering van transcriptiefactoren kan bijdragen tot het verder ontrafelen van de 

genregulatiecircuits die zij controleren en tot het karakteriseren van de wijze waarop 

zij zich bij therapeutische interventies aanpassen.

Hoofdstuk 2 beschrijft alle momenteel beschikbare prostaatkankertherapieën, 

met een duidelijke nadruk op de klinische ontwikkeling van enzalutamide – de 

meest gebruikte hormoontherapie die AR rechtstreeks remt. Helaas verlengen 

deze therapieën, ondanks de verscheidenheid aan behandelingsmogelijkheden, de 

overleving van prostaatkankerpatiënten momenteel slechts met enkele maanden. 

Daarom zijn de huidige onderzoeksinspanningen gericht op het bepalen van de optimale 
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behandelingsvolgorde; het ontdekken van nieuwe geneesmiddelen die effectief zijn 

bij uitgezaaide castratieresistente prostaatkanker; en het definiëren van patiënten 

subpopulaties die uiteindelijk het meeste baat bij deze behandelingen kunnen hebben. 

Moleculaire in vitro studies met prostaatkanker cellijn modellen hebben verscheidene 

signaalwegen geïdentificeerd die mogelijk zorgen voor therapie-resistentie, maar wat 

er in patiënten (in vivo) gebeurt tijdens hormoontherapie blijft onbekend.

Daarom hebben wij in hoofdstuk 3 onderzocht hoe prostaattumorcellen zich aanpassen 

om AR-inhibitie te omzeilen, om nieuwe doelwitten voor geneesmiddelen te identificeren 

die de klinische behandeling van patiënten met een behandelingsresistente ziekte 

zouden kunnen verbeteren. Wij voerden integratieve multi-oom analyses uit op weefsels 

geïsoleerd voor en na drie maanden AR-gerichte enzalutamide monotherapie van 

patiënten met hoog-risico prostaatkanker die onderdeel waren van een neoadjuvante 

klinische studie. Transcriptomische analyses toonden aan dat AR-remming in vrijwel alle 

tumoren resulteerde in een neuroendocrien-achtige ziektetoestand. Verder bleek uit 

epigenomische kartering dat enzalutamide voor een massale herprogrammering van 

de pioniersfactor FOXA1 zorgde, van inactieve plaatsen in het chromatine naar actieve 

cis-regulerende elementen die pro-overlevingssignalen kunnen dicteren. Opmerkelijk 

is dat deze door behandeling veroorzaakte FOXA1-plaatsen verrijkt waren voor ARNTL, 

een belangrijke component van het circadiaanse ritme (slaap-waak ritme), waarvan de 

expressie onder hormoontherapie in ons patiënten cohort verhoogd was. Bovendien 

correleerden hoge ARNTL-niveaus met een verhoogd risico op een recidief na 

hormoontherapie, en het genetische stilleggen van het ARNTL-gen kon de gevoeligheid 

voor enzalutamide herstellen in behandelingsresistente cellijn- en xenograft-modellen. 

Deze gegevens wijzen op een opmerkelijke genomische plasticiteit van FOXA1 na AR-

gerichte behandeling en onthullen verder een onverwacht biologisch verband tussen 

resistentie tegen hormonale therapie en de circadiaanse ritmecomponent ARNTL, die 

een nieuw therapeutisch doelwit vormt bij prostaatkanker.

Terwijl de identificatie van factoren die leiden tot resistentie tegen behandeling bij hoog-

risico prostaatkanker terecht veel onderzoek aandacht heeft gekregen, blijven laag-

risico tumoren slecht begrepen, en zelfs de rol van AR is slecht ontrafeld in laaggradige 

laesies. Desalniettemin bestaat er onder deskundigen al geruime tijd discussie over 

de vraag of laaggradige laesies daadwerkelijk kankerachtig zijn of eerder goedaardig, 

aangezien hun totale risico op metastase zeer laag is. In hoofdstuk 4 hebben wij 

daarom het AR chromatine-bindende landschap gekarakteriseerd in een specifieke 

subset van zeer laag-risico graad 1 (GG1) prostaatkankers. Onze analyses toonden aan 

dat AR bij voorkeur bindt aan tumor specifieke cis-regulerende elementen, zowel in 

GG1 tumoren als in laesies van hogere graad. Bovendien verschilde de activiteit van 
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deze regulerende DNA-sequenties en de expressie van hun respectieve doelgenen 

niet significant in GG1-tumoren, hetgeen – vanuit epigenetisch oogpunt – de huidige 

aanduiding van deze laaggradige laesies als kanker ondersteunt en ze duidelijk 

onderscheidt van gezond of zelfs goedaardig weefsel.

Aangezien de AR-activiteit in tumoren sterk veranderd is in vergelijking met gezond 

prostaatepitheel, is AR daarom afhankelijk van bijkomende cofactoren en signaalwegen 

die uiteindelijk de groei en overleving van prostaatkanker mogelijk maken. Een van 

deze afhankelijkheden hebben we mechanistisch gekarakteriseerd in hoofdstuk 5, 

waarin we een onverwachte wisselwerking melden tussen de hormoonafhankelijke 

AR-signaleringsroute en de unfolded protein response (UPR) in prostaatkankercellen. 

AR bindt aan duizenden plaatsen in het menselijk genoom om de expressie van 

doelgenen te reguleren. Daartoe behoren pro-overlevingsgenen die tumorcellen 

in staat stellen weerstand te bieden aan verhoogde cellulaire stress, zoals ERN1 en 

XBP1 – twee belangrijke spelers in de UPR. Wij hebben nu aangetoond dat een lage 

expressie van XBP1 geassocieerd was met een verhoogd risico op een biochemisch 

recidief in vijf onafhankelijke cohorten van prostaatkanker. Door integratieve multi-

oom analyses hebben we ook aangetoond dat AR activatie UPR-signalering in gang 

zet via de ERN1/XBP1 as, wat leidt tot verhoogde XBP1 transcriptionele activiteit die 

niet alleen UPR-genexpressie bevordert maar ook functioneel een deel van het AR 

transcriptie programma aanstuurt. Deze signaalcascade kan prostaatkankercellen 

voorbereiden op de toegenomen eiwitvouwing, mRNA-verval en translatie die gepaard 

gaan met AR-gereguleerde tumorcelproliferatie, en laat zien hoe de identificatie van 

AR-afhankelijkheid kan leiden tot nieuwe therapeutische doelen.

In hoofdstuk 6 worden alle in dit proefschrift gepresenteerde gegevens besproken 

en in de context van de huidige literatuur geplaatst. De laatste jaren is er aanzienlijke 

vooruitgang geboekt bij het verbeteren van het inzicht in de hormonale signalering 

bij prostaatkanker. Aangezien verworven resistentie tegen endocriene therapie 

helaas onvermijdelijk is bij gevorderde ziekte, is het van groots belang de activiteit 

van prostaatkanker drivers beter te begrijpen om uiteindelijk nieuwe therapeutische 

kwetsbaarheden te identificeren. De in dit artikel gepresenteerde resultaten laten 

zien hoe de integratie van diverse multi-oom gegevensstromen kan helpen om 

nieuwe inzichten te verkrijgen in de biologie van prostaatkanker. Bovendien hebben 

zij de identificatie mogelijk gemaakt van voorheen onbekende afhankelijkheden van 

prostaatkankercellen, die de doeltreffendheid van de nu gebruikte behandelingen sterk 

zouden kunnen verbeteren door middel van gerichte therapeutische benaderingen. Dit 

zou ons een zeer grote stap dichter brengen bij ons doel om deze dodelijke ziekte te 

kunnen genezen – het wordt tijd (it’s about time)!
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Deutsche Zusammenfassung

Prostatakrebs ist die zweithäufigste Krebserkrankung bei Männern und eine 

häufige Ursache für krebsbedingte Todesfälle. Im Allgemeinen gilt Prostatakrebs als 

hormonabhängig, da die Entwicklung und das Fortschreiten des Tumors in hohem Maße 

von der Wirkung männlicher Sexualhormone, der so genannten Androgene, abhängig 

ist. Diese Hormone sind in der Lage ihren Zielrezeptor, den Androgenrezeptor (AR), zu 

aktivieren. AR ist ein Transkriptionsfaktor, der eine Schlüsselrolle in Prostatakarzinomen 

einnimmt, da dieser die Expression zahlreicher Gene reguliert, die an verschiedenen 

biologischen Signalwegen beteiligt sind, was letztlich zum Wachstum und Überleben von 

Prostatakrebszellen führt. In Anbetracht der Bedeutung dieser Signalkaskade wurden 

im Laufe der Jahre diverse therapeutische Strategien entwickelt, um die Aktivität dieses 

hormonell gesteuerten Signalweges wirksam zu blockieren. Trotz dieser jüngsten 

Fortschritte führt die Hormontherapie unweigerlich zu einer Behandlungsresistenz, und 

die verfügbaren therapeutischen Optionen – insbesondere im fortgeschrittenen Stadium 

der Erkrankung – sind nach wie vor sehr begrenzt. Daher ist die Identifizierung neuer 

Zielmoleküle für die Behandlung therapieresistenter Prostatakrebszellen von größter 

Bedeutung, um die Überlebenschancen von Prostatakrebspatienten zu erhöhen.

Die in dieser Arbeit vorgestellten Studien konzentrieren sich daher auf die 

Verbesserung unseres derzeitigen Verständnisses der hormonellen Signalübertragung 

in Prostatakrebszellen und auf die Gewinnung neuer Erkenntnisse über die zellulären 

Anpassungsmechanismen, die zu einer erworbenen Hormontherapieresistenz führen. 

Im Zuge dessen wurden insbesondere sogenannte „Multi-Om“ Ansätze verwendet, die 

es erlauben durch kollektive und integrative Analysen mehrerer Makromoleküle (DNA, 

RNA, Proteine) einen präzisen Einblick in die Zusammenhänge zwischen verschiedenen 

Signalwegen in Prostatakrebszellen zu gewinnen.

Die biologische Relevanz der AR-Signalübertragung in Prostatakrebs wird in der allgemeinen 

Einleitung (Kapitel 1) ausführlich beschrieben. Darin wird auch hervorgehoben, wie 

die Erstellung von Multi-Om-Profilen von Transkriptionsfaktoren dazu beitragen kann, 

die von ihnen kontrollierten Genregulationskreisläufe weiter zu entschlüsseln und zu 

charakterisieren, wie sie sich bei therapeutischen Eingriffen neu verschalten.

In Kapitel 2 werden alle derzeit verfügbaren Prostatakrebstherapien beschrieben, 

wobei der Schwerpunkt auf der klinischen Entwicklung von Enzalutamid liegt – der 

am häufigsten verwendeten Hormontherapie, die AR direkt hemmt. Trotz der Vielfalt 

an Behandlungsmöglichkeiten verlängern diese Therapien das Überleben von 

Prostatakrebspatienten derzeit leider nur um wenige Monate. Daher konzentrieren 
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sich die aktuellen Forschungsanstrengungen auf die Bestimmung der optimalen 

Therapiesequenz; die Entdeckung neuer Medikamente, die bei metastasiertem 

kastrationsresistentem Prostatakrebs wirksam sind; und die Definition von 

Patientensubpopulationen, die letztendlich am meisten von diesen Behandlungen 

profitieren könnten. Molekulare „in vitro“-Studien unter Verwendung von Prostatakrebs-

Zelllinienmodellen haben mehrere Signalwege identifiziert, die das Potenzial haben 

eine Therapieresistenz zu vermitteln, aber was in Patienten (in vivo) während einer 

Hormontherapie passiert, ist nach wie vor unbekannt.

Daher untersuchten wir in Kapitel 3, wie sich Prostatatumorzellen anpassen, um 

die AR-Hemmung zu umgehen, um neuartige Arzneimittelziele zu identifizieren, 

die die klinische Behandlung von Patienten mit behandlungsresistenter Erkrankung 

verbessern könnten. Wir führten integrative Multi-Om-Analysen an Geweben durch, 

die vor und nach einer dreimonatigen Enzalutamid-Monotherapie von Patienten mit 

Hochrisiko-Prostatakrebs isoliert wurden, welche an einer neoadjuvanten klinischen 

Studie teilnahmen. Transkriptomische Analysen zeigten, dass die AR-Hemmung 

bei praktisch allen Tumoren zu einem neuroendokrin-ähnlichen Krankheitszustand 

führte. Darüber hinaus zeigte die epigenomische Charakterisierung eine massive 

Enzalutamid-induzierte Umprogrammierung des Pionierfaktors FOXA1 von inaktiven 

Chromatinstellen zu aktiven cis-regulatorischen Elementen, die überlebensfördernde 

Signale diktieren können. Bemerkenswert ist, dass diese behandlungsinduzierten 

FOXA1-DNA Regionen eine hohe Bindungsaffinität für den Transkriptionsfaktor ARNTL, 

eine Hauptkomponente des zirkadianen Schlaf-Wach-Rhythmus, aufwiesen. Die ARNTL 

Genexpression wurde durch Enzalutamid Hormontherapie in unserer Patientenkohorte 

deutlich erhöht und darüber hinaus korrelierten hohe ARNTL-Level nach der Behandlung 

mit einem erhöhten Risiko eines Rezidivs. Dies lässt auf eine potenzielle Rolle dieses 

Transkriptionsfaktors bei der Entstehung einer Hormontherapieresistenz schließen, 

welche wir anschließend experimentell getestet haben. In diesen Experimenten 

führte die genetische Ausschaltung des ARNTL-Gens zur Wiederherstellung der 

Empfindlichkeit gegenüber Enzalutamid in behandlungsresistenten Zelllinien und 

Xenotransplantat-Mausmodellen. Diese Daten unterstreichen eine bemerkenswerte 

genomische Plastizität von FOXA1 nach einer AR-hemmenden Behandlung und 

enthüllen des Weiteren einen unerwarteten biologischen Zusammenhang zwischen 

hormoneller Therapieresistenz und der zirkadianen Rhythmuskomponente ARNTL, die 

einen neuen therapeutischen Angriffspunkt in Prostatakrebs darstellt.

Während die Identifizierung von Faktoren, die zu Therapieresistenzen bei Hochrisiko-

Prostatakrebs führen, zu Recht große Aufmerksamkeit in der Forschung erhalten hat, 

sind Tumore mit niedrigem Risiko nach wie vor unzureichend erforscht, und selbst 
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die Rolle des AR ist bei niedriggradigen Läsionen nur unzureichend entschlüsselt. 

Dennoch wird in Fachkreisen seit langem darüber diskutiert, ob niedriggradige Läsionen 

tatsächlich krebsartig oder eher gutartig sind, da ihr Metastasierungsrisiko insgesamt 

sehr gering ist. In Kapitel 4 haben wir uns daher vorgenommen, die AR-Chromatin-

Bindungslandschaft in einer spezifischen Untergruppe von Prostatakrebsen mit sehr 

geringem Risiko der Gradgruppe 1 (GG1) zu charakterisieren. Unsere Analysen zeigten, 

dass AR genomweit in GG1-Tumoren, sowie in höhergradigen Läsionen, bevorzugt an 

tumorspezifische cis-regulierende Elemente bindet. Darüber hinaus unterschieden 

sich die Aktivität dieser regulatorischen DNA-Sequenzen und die Expression ihrer 

jeweiligen Zielgene in GG1 Tumoren nicht signifikant, was – aus epigenetischer Sicht – 

die derzeitige Bezeichnung dieser niedriggradigen Läsionen als Krebs unterstützt und 

sie eindeutig von gesundem oder auch gutartigem Gewebe unterscheidet.

Da die Aktivität von AR in Tumoren im Vergleich zum gesunden Prostataepithel massiv 

verändert ist, ist AR demzufolge von zusätzlichen Kofaktoren und Signalwegen abhängig, 

die letztlich das Wachstum und Überleben von Prostatakrebs ermöglichen. Eine dieser 

Abhängigkeiten haben wir in Kapitel 5 mechanistisch charakterisiert, in welchem 

wir von einem unerwarteten Zusammenspiel zwischen dem hormonabhängigen 

AR-Signalweg und der Signalkaskade, die durch fehlgefaltete Proteine aktiviert wird 

(auf Englisch: unfolded protein response; UPR), in Prostatakrebszellen berichten. AR 

bindet an Tausende von Stellen im gesamten menschlichen Genom, um die Expression 

von Zielgenen zu regulieren. Darunter sind auch überlebensfördernde Gene, die es 

Tumorzellen ermöglichen, mit erhöhtem zellulärem Stress fertig zu werden, wie 

beispielsweise ERN1 und XBP1 – zwei Schlüsselakteure der UPR. Wir konnten nun zeigen, 

dass eine niedrige Expression von XBP1 in fünf unabhängigen Prostatakrebs-Kohorten 

mit einem erhöhten Risiko für ein biochemischen Rezidiv verbunden war. Durch 

integrative Multi-Om Analysen konnten wir außerdem zeigen, dass die AR-Aktivierung 

die UPR-Signalübertragung über die ERN1/XBP1-Achse auslöst, was zu einer erhöhten 

XBP1-Transkriptionsaktivität führt, die nicht nur die Expression von UPR-Genen fördert, 

sondern auch einen Teil des AR-Transkriptionsprogramms funktionell antreibt. Diese 

Signalkaskade könnte Prostatakrebszellen auf die erhöhte Proteinfaltung, den mRNA-

Zerfall und die Translation vorbereiten, die mit der AR-regulierten Tumorzellproliferation 

einhergehen, und unterstreicht, wie die Identifizierung von AR-Abhängigkeiten zu neuen 

therapeutischen Zielen zur Verbesserung der Prostatakrebsbehandlung führen kann.

In Kapitel 6 werden alle in dieser Thesis vorgestellten Daten erörtert und in den 

Kontext der aktuellen Fachliteratur gestellt, wobei auch einige der noch offenen 

Fragen und unerfüllten medizinischen Bedürfnisse hervorgehoben werden. In 

den letzten Jahren wurden erhebliche Fortschritte bei der Verbesserung des 
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Verständnisses der hormonellen Signalübertragung bei Prostatakrebs gemacht. Da 

eine erworbene endokrine Therapieresistenz bei fortgeschrittener Erkrankung bisher 

leider unvermeidlich war, ist es von größter Bedeutung, die Aktivität von Prostatakrebs-

Treibern besser zu erfassen, um schließlich neue therapeutische Schwachstellen zu 

identifizieren. Die in dieser Arbeit vorgestellten Ergebnisse zeigen, wie die Integration 

verschiedenster Multi-Om Datenströme dazu beitragen kann, neue Erkenntnisse 

über die Biologie von Prostatakrebs zu gewinnen. Darüber hinaus ermöglichten sie 

die Identifizierung von bisher unbekannten Abhängigkeiten von Prostatakrebszellen, 

welche durch gezielte Therapieansätze die Wirksamkeit der derzeit eingesetzten 

Behandlungen stark verbessern könnten. Dies würde uns unserem Ziel, diese tödliche 

Krankheit heilen zu können, einen sehr großen Schritt näher bringen – es ist an der 

Zeit (it’s about time)!
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